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1.0 SUMMARY

The objective of this investigation is to develop a technology base for
the thermal acoustic shield concept as a noise suppression device for single
stream exhaust nozzles. Acoustic data for 314 test points for 9 scale model
nozzle configurations were obtained. Five of these configurations employed an
unsuppressed annular plug core jet and the remaining four nozzles employed a
32 chute suppressor core nozzle. Influence of simulated flight and selected
geometric and aerodynamic flow variables on the acoustic behavior of the
thermal acoustic shield was determined. Laser velocimeter and aerodynamic
measurements were employed to yield valuable diagnostic information regarding
the flow field characteristics of these nozzles. An existing theoretical
aeroacoustic prediction method was modified to predict the acoustic

characteristics of partial thermal acoustic shields.

From the results of this investigation, it was found that: the three
significant physical influences of a thermal acoustic shield are: 1) mid and
high frequency noise reduction at shallow angles to the jet axis due to total
internal reflection; 2) mid and high frequency noise reduction in the front
quadrant and at ei = 90° due to source strength reduction; and 3) low"
frequency noise amplification due to an elongation of the jet plume. Due to
the larger high frequency noise content of the 32 chute suppressor nozzle, the
thermal acoustic shield yields larger PNL and EPNL reductions for the 32 chute
nozzle compared to the unsuppressed annular plug nozzle. PNL and EPNL
reductions due to the thermal acoustic shield are dependent on the observer
sideline distance, and hence appropriate sideline distances must be utilized
in determining the noise suppression at takeoff, cutback and approach cycle
conditions. The shield thickness has a significant bearing on the noise
reduction potential of a thermal acoustic shield. Partial thermal acoustic
shields create significant amount of acoustic and flow asymmetry which is
confirmed by the theoretical predictions. An increase in base drag of the 32
chute suppressor nozzle due to the shields was observed, but is smaller for
the simulated flight case than the static case.



2.0 INTRODUCTION

A future Advanced Supersonic Transport (AST) has to be fuel efficient
and environmentally acceptable (noise and pollution wise) to be a viable
candidate for commercial aeronautical applications. Significant advancements
in jet noise reduction technology on test bed vehicles have been made since
the introduction of the first generation supersonic transport (SST), the
Anglo-French Concorde, into the commercial airline service. These
advancements include the variable cycle engine (VCE) employing an inverted
velocity profile coannular plug nozzle (Reference 2.1), and a mechanical
suppressor nozzle employing a combination of lobe and tube elements and a

treated ejector (Reference 2.2).

In the past, the major concentration of research and design efforts for
obtaining a large amount of jet noise reduction has been through mechanical
suppressor concepts. Although progress with this classical approach has been
rewarding (References 2.3 and 2.4), there is a need to find and develop
alternative and/or complementary methods. New approaches have to be developed
which focus not only on the usual rapid jet mixing concepts, but on the fluid
shielding, reflection/refraction properties of the exhaust streams.
Utilization of a high temperature low velocity gas stream surrounding the main
jet (henceforth referred to as Thermal Acoustic Shield [TAS)) to refract the
noise of the main jet is such an alternative method. A ray acoustics analysis
of the shielding of the noise emitted from a high speed conic jet by a hot,
subsonic semi-circular shield jet (Reference 2.5) evaluated the effectiveness
of shielding by the semi-circular shield jet. Experimental studies of thermal
acoustic shields utilizing scale model nozzles by Ahuja and Dosanjh (Reference
2.6), Goodykoontz (Reference 2.7) and Pickup, Mangiarotty and O°'Keefe
(Reference 2.8) have shown impressive reduction in spectral sound pressure

levels by the thermal acoustic shields on mechanically unsuppressed nozzles.




The primary objective of this investigation is to develop a technology
base for the thermal acoustic shield concept as a noise suppression device for
mechanically suppressed and unsuppressed plug nozzles employing a single core
flow. Effects of simulated flight velocity, and selected geometric and
aerodynamic flow variables on the acoustic behavior of the thermal acoustic
shield were to be determined by this investigation. Laser velocimeter
diagnostic data in terms of mean and turbulent velocities were obtained to aid
in understanding of the underlying aerodynamic mechanisms of the jet plumes of
the nozzles with thermal acoustic shields. The impact of the thermal acoustic
shield on the base drag of mechanically suppressed nozzles and the static
pressure field interactions between the core and thermal acoustic shield
streams were evaluated in this study. Finally, an existing theoretical
aeroacoustic prediction method (M*G*B model) was extended to predict the

acoustic characteristics of partial thermal acoustic shields.

This final report summarizes the research effort required as part of
Contract NAS3-22137 and includes all the pertinent information regarding the
prime results from the testing and analytical studies. References 2.9 and
2.10 constitute the Comprehensive Data Report required as part of the
contract. Reference 2.9 includes detailed schematics of the nine model nozzle
configurations and tabulation of aerodynamic test conditions and measured
basic acoustic data. Reference 2.10 contains the laser velocimeter plume data
and base pressure data for a 32 chute annular plug suppressor nozzle. The
model hardware design report, a description of the General Electric Anechoic
Free Jet Facility, and details of the data acquisition and reduction

procedures are provided in the appendices of Reference 2.10.
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3.0 SCALE MODEL NOZZLE DESCRIPTION AND SCOPE OF TESTING

A brief description of the nine (9) scale model nozzles which have been

tested in this program and the scope of testing including the rationale for

the acoustic, laser velocimeter and aerodynamic diagnostic and calibration

tests performed, are discussed in this section.

3.1 SINGLE STREAM SCALE MODEL NOZZLE DESCRIPTION

A set of nine (9) configurations which employ single flow primary

nozzles were tested during the course of this program, and are as follows:

CONFIGURATION

TAS-1

TAS-2

TAS-3

TAS-4

TAS-5

TAS-6

TAS~7

TAS-8

TAS-9

ESC

Baseline unshielded, unsuppressed annular plug nozzle

Unsuppressed annular plug nozzle with 180° thermal acoustic
shield of 0.48" thickness

Unsuppressed annular plug nozzle with 180° thermal acoustic
shield of 0.97" thickness

Unsuppressed annular plug nozzle with 360° thermal acoustic
shield of 0.48" thickness

Convergent-divergent annular plug nozzle with 180° thermal
acoustic shield of 0.48" thickness

Unshielded 32-chute annular plug suppressor nozzle

32-chute annular plug suppressor nozzle with 180° thermal
acoustic shield of 0.48" thickness

32-Chute annular plug suppressor nozzle with 180° thermal
acoustic shield of 0.97” thickness

32-Chute annular plug suppressor nozzle with 360° thermal
acoustic shield of 0.48" thickness
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Table 3-I lists the above configurations along with sketches. For a
complete description of these model hardware designs, see Reference 3.1.
Table 3-II lists the geometric parameters of the nine (9) TAS Nozzle
Configurations and Figure 3.1 shows a schematic sketch of a TAS Nozzle

Configuration along with definition of salient geometric parameters.

The baseline unshielded, unsuppressed annular plug nozzle
(Configuration TAS-1) serves as a reference nozzle to evaluate the acoustic
benefit of the different thermal acoustic shields. Configuration TAS-2
employs a partial (180°) shield of 0.48" thickness on the annular plug
nozzle. Configuration TAS-3 employs a partial shield of 0.97" thickness on
the annular plug nozzle to study the effect of doubling the shield thickness
on the acoustic performance of the thermal acoustic shield. Configuration
TAS-4 employs a full (360°) shield of 0.48" thickness on the annular plug
nozzle. Acoustic comparison of configurations TAS-2 and TAS-4 will indicate
the relative merits of the partial vs. full shields of the same thickness.
Acoustic comparisons of configurations TAS-3 and TAS-4 indicate the relative
merits of partial and full shields of approximately equal flow areas.
Configuration TAS-5 employs a primary nozzle which has a convergent-divergent
flowpath designed for an exit Mach number of 1.4 and a 180° shield nozzle of
0.48" thickness. The convergent-divergent core nozzle was tested in Reference
3.2. Configuration TAS-6 is the unshielded 32-chute annular plug suppressor
nozzle and will serve as the baseline nozzle to evaluate the acoustic benefit
of different thermal acoustic shields on a mechanical suppressor nozzle (see
Figure 3.2). The shields (viz., 180° shields of 0.48" and 0.97”" thickness and
360° shield of 0.48" thickness) were so designed as to be applicable for both
the annular plug nozzle (Configuration TAS-1) and the 32-chute suppressor
nozzle (Configuration TAS-6). The objectives of such a design were:

A. To determine the relative merits of the selected thermal acoustic
shields on a mechanical suppressor nozzle and an unsuppressed

nozzle.

B. To keep hardware commonality as a means of cost reduction.
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TABLE 3-II (CONT'D). GEOMETRIC PARAMETERS OF SINGLE FLOW THERMAL
ACOUSTIC SHIELD NOZZLES.

B. 32-CHUTE TURBOJET SUPPRESSOR GEOMETRY

Parameter Value
Number of Elements 32
Suppressor Area Ratio 2.1 (Annulus Area/Flow Area)
Exit Plane Cant Angle, deg 5°
Primary Flow Width Ratio 1.0 (i.e., parallel sided flow elements)

Flow Element Width @ Hub, in 0.4
Flow Element Width @ Tip, in 0.4

Chute Width @ Hub, in 0.24
Chute Width @ Tip, in 0.65
Chute Depth @ Hub, in 1.00
Chute Depth @ Tip, in 2.00

ALL DIMENSIONS IN INCHES

Chute Element

Flow Element

32"‘ - -
Chute, AR = 2.1, R: 0.62 Turbojet Suppressor.
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FIGURE 3.2. 32 CHUTE TURBOJET SUPPRESSOR WITH STATIC PRESSURE
INSTRUMENTATION FOR BASE PRESSURE MEASUREMENT.
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3.2 SCOPE OF TESTING
The scope of testing can be summarized under:

A. Acoustic Tests
B. Laser Velocimeter Tests
C. Aerodynamic Calibration and Diagnostic Tests

The following subsections contain the salient details and a brief

discussion of the rationale for the testing performed under each of the above
categories.

3.2.1 ACOUSTIC TESTS

In ordér to develop a technology base for the thermal acoustic shield
concept for nozzles with single flow primary nozzles, data for a total of 314
acoustic test points were obtained for the nine (9) configurations (see
Reference 3.4). Table 3-III shows the breakdown of the acoustic test points
for each configuration. The aerodynamic flow conditions corresponding to the
acoustic test points of each of the configurations along with the rationale
for the testing are included in this subsection. Sample sheets specifying the
variables listed in the tables that summarize the aerodynamic flow conditions
are presented in Table 3-IV. 1In addition to the core and shield jet
parameters, the tabulated data contain the mixed conditions that are
calculated on a mass-averaged basis for velocity and total temperature. The
mass-averaged velocity (vmix) and the mass-averaged total temperature
(T:ix) are calculated using the following expressions:

. wyd ¢ ey
w4 wed

(3.1)

vmix
and

ujr,rj + w’er’j
nix = (3.2)

Ty W o wd
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Table 3-II1 Breakdown of the Acoustic Test Points for Single Primary Flow Nozzles With/
Without Thermal Acoustic Shield.

Config. |Description of the Configuration |Orientation| Acous. Test Pts Comments
Static Flight
_ Baseline unshielded unsuppressed
TAS-1 annulsr plug nozzle See Note 1 8 8 Simulate an engine operating line
_ Unsuppressed snnular plug nozzle 2) " “ " " "
Tas-2 with 180° TAS of 0.48" thickness |Sideline 6 6
" (2)
" Community ' 6 6 " " " " "
- " Opposite(2)
Community 6 6 " " " " "
2 )
" " su.uu( ) 11 1 V.. OV, T perametric study at
Takeoff condition
¥
" . Ca-m!.(;z) 13 12 Vr, cvr, Tr parametric study at
Cutback condition
TAS-3 Unsuppressed annular plug nozzle (€3]
with 180° TAS of 0.97" thickness |Sideline 8 8 Simulsate an engine operating line
2
" " commte®| 8 . . . . . .
_ Unsuppressed sunular plug nozzle " " " " "
TAS-4 with 360° TAS of 0.48" thickness |5¢¢ Mote 1) 8 8
_ Convergent-Divergent annular plug 2 =
TAS-5 nozzle vith 180° TAS of 0.48" Stdcllu( ) 9 9 l\rnl\;ne ';.A.S. e{fectlveneu on a C-D
thickness annular plug nozzle
_ Unshielded 32-chute annular plug
TAS-6 suppressor nozzle See Note 1 8 8 Simulate an engine opersting line
TAS-7 32-chute annular plug suppressor (2)
nozzle with 180° TAS of 0.48" Sideline 6 6 " " " " "
thickngss
2
" " comnte?| 6 . . . . . .
2 s
" " udclin( ) 11 1 V‘. CVr. tt' parametric study at
Takeoff condition
" " Cc-unit(y” 1 1 Vo, OV, T:, parametric study at
Cutback condition
32-chute annular plug suppressor (2)
TAS-8 “ﬁ“‘ with 180° ;As .f“g,,;-- Sideline 8 8 Simulate an engine operating line
thickaass
" " (2)
Community 8 8 " " " " "
" " stdeltnd?)} - 8 | V., OV . T8, parametric study at
Takeoff condition
" o C—mlt(yZ) - 9 Vs CV., TF, parametric study at
Cutback condition
32-chute anuular plug suppressor
TAS-9 nozzle with 360° TAS of 0.48" See Mote 1L 8 8 Simulate an engine operating line
thickaess
Total Acoustic Test Points 149 165 Grand Total of 314 Acoustic Test Pointg

NOTES:

(1) Due to geometric axisymmetry the choice of orientation does not arise,

(2) Por partial shields, the asimuthal locations for sideline, community and opposite
commnity are indicated in the sketck below.

Core Jet

T.A.8.

* Opposite Community, § = 180°
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where

W = weight flow through the core jet

.83

W = weight flow through the shield jet

vJ = ideally expanded core jet velocity

vsd = ideally expanded shield jet velocity

TTJ = stagnation temperature of the core jet
TTSJ = stagnation temperature of the shield jet

One may note that V¥ can also be referred to as specific ideal gross

thrust since it is defined as (total thrust/total weight flow) and T?lx

can also be referred to as specific stagnation enthalpy since it is defined as

(total stagnation enthalpy/total weight flow). From the known V % and

mix

'I'T other mixed flow parameters have been calculated by using standard

isentropic relations. The weight flows tabulated correspond to scaled up area

of the nozzles. Certain key aerodynamic ratios are defined below:

8j
Vr = L‘ (3.3)
vJ
.. sj sj
cv, = cvisev - thv_j (3.4)
CY +V
where
Csj = sonic velocity of shield jet based on shield Jjet exit condition
Cj = sonic velocity of core jet based on core jet exit condition
sj
T
(3.5)
r r J
S
where
Tssj = is the static temperature of shield jet based on shield jet exit condi-
tion
'rsj = is the static temperature of core jet based on core jet exit condition

18




cvr is a measure of the discontinuity of the phase velocity at the core jet
and shield jet interface and serves as an indicator of the extent of noise

transmission loss due to such a discontinuity.

The thermal acoustic shield weight flow ratio is defined as:

.83
. W (3.6)
W o=

r .J .8j
W + W

The ambient pressure and temperature, along with the relative humidity
in the General Electric Anechoic Facility at the time of the test, are
presented in the aerodynamic data tables. In addition, the measured far-field
PNL data extrapolated to a 731.5 m (2400 ft.) distance and scaled to an AST
product size of 0.903m2 (1400 in.z) also are presented in the tables. The
selected data correspond to microphone locations of 01 a 50*, 60°*, 70°,
90°, 120°, 130° and 140°.

The normalization factor (NF) found in these tables is employed to
normalize the measured perceived noise level (PNL) on a reference thrust and
jet density basis as follows:

PNLN = Normalized PNL = PNL + NF (3.7)
T w1
F mix _
where NF = -10 log 7 e (3.8)
ref P amb
and where
T = total ideal gross thrust
= reference thrust (5130 1lbs)
ref
mix
P = density based on mass-averaged conditions
P amb = ambient air density
® = density exponent

Table 3-V gives the test matrix for configuration TAS-1 simulating an
engine operating line which has been constructed utilizing the cycle
information on the General Electric YJ101l Engine (see Reference 3.3) and
staying within facility temperature limits (see Reference 3.5).
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An alternate engine operating line was constructed for configuration TAS-2
keeping the total temperature of the core and shield jets approximately the
same. 1In a practical application of the thermal acoustic shield, the shield
jet flow could be obtained from the core jet flow through a choke plate flow
conditioning device, in which case, the total temperature of the shield jet
would equal that of the core jet and the pressure ratio of the shield jet will
be lower compared to that of the core jet due to losses in the choke plate
device. The shield to core jet velocity ratio was set at a nominal value of
0.6. Table 3-VI constitutes the test matrix for configuration TAS-2
simulating an engine operating line in sideline, community and opposite
community orientations. The objectives for measuring the acoustic data at the
three (3) azimuthal locations were to determine the azimuthal variation of the
acoustic field for a partial shield and also to determine the reflective and

refractive characteristics of the partial shield.

Parametric studies were also conducted by keeping the core jet
conditions constant and varying the shield jet conditions to determine the
influence of V., CV., and Ti on the acoustic behavior of the thermal
acoustic shield. A typical takeoff case (the core jet condition corresponding
to test point 209 in Table 3-VI) and a typical cutback case (the core jet
condition corresponding to test point 221 in Table 3-VI) were selected.

Tables 3-VII and 3-VIII respectively list the aerodynamic conditions for the
takeoff and cutback parametric studies conducted. The takeoff parametric
study has been conducted in sideline orientation and the cutback parametric

study has been conducted in community orientation.
Figures 3.3 and 3.4 respectively show plots of the various test points
for the takeoff and cutback cases for Vr. CVr and Ti parametric

study. The constraints on the selection of the test points were:

A. The maximum shield total temperature that could be achieved in the
facility is = 1730°R.

B. The minimum shield total temperature that could be achieved in the
facility without causing burner instability is = 800°R.
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c. To avoid any shock noise contributions from the shield, the

maximum exit Mach number of the shield is restricted to 1.0.

D. The minimum value of the Mach number of the shield is chosen to be

0.3 so that reasonable values of velocity ratio could be obtained.

The above four (4) constraints bounded the domain of parametric

variations. Lines of constant static temperature ratio (i.e.,

T:j/Tg = Ti) are shown in Figures 3.3 and 3.4, as well as lines

of constant weight flow ratios (viz, wsj/"j = 0.1 and 0.2). Next, lines
8j _ .
T ~ °T
figures. The equations which were utilized in evolving the above parametric

of equal total temperatures (i.e. T ) are shown in the same

study are listed below:

sj sj
v M
vr = = T (3.9)
v oM
sj sj
ov_ CJ. *"j (3.10)
C + V
83 sj sj
w A% M (3.11)
woo A w
7 8
T -1 ,.8j.2
— =1+ 2 %) (3.12)
T 8j 2
S
where
Hsj = Ideally expanded shield jet Mach number
Hj = Ideally expanded core jet Mach number
Asj = Shield jet exit area
Aj = Core jet area
Y = Ratio of specific heats
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The engine operating line for configurations TAS-3 and TAS-4 were
constructed as in the case of configuration TAS-2, that is, by keeping the
total temperature of the shield and core jets approximately the same and by
setting the shield to core jet velocity ratio at a nominal value of 0.6.
Configuration TAS-3 was tested both in sideline and community orientations
whereas the question of orientation does not arise for configuration TAS-4.
Tables 3-IX and 3-X respectively contain the test matrices for configurations
TAS-3 and TAS-4.

The effect of the partial thermal acoustic shield on a
convergent-divergent annular plug nozzle designed for an exit Mach number of
1.4 (i.e., 8 design pressure ratio = 3.1) was tested according to the test
matrix shown in Table 3-XI, in the sideline orientation. The core nozzle was
maintained at the design condition, an underexpanded condition and an
overexpended condition. At each of the above core jet conditions, the shield
to core jet velocity ratios were nominally set 0.5, 0.6 and 0.7, keeping the
total temperatures of the shield and core jets approximately the same, to

diagnose the influence of velocity ratio.

The test matrices for the 32-chute annular plug suppressor nozzle with
and without the thermal acoustic shields were constructed in a similar fashion
to that of the unsuppressed annular plug nozzle with and without the thermal
acoustic shields. The test matrix for configuration TAS-6 shown in Table

3-XII was intended to simulate an identical engine operating line as that of

configuration TAS-1. The minor differences are due to experimental variations.

Table 3-XIII shows the test matrix for configuration TAS-7 simulating
engine operating line in sideline and community orientations, keeping the
total temperatures of the shield and core jet approximately the same and
setting the shield to core jet velocity ratio nominally at 0.6. Tables 3-XIV
show the test matrix for configuration TAS-7, for Vr. CVr and T:
parametric studies for a takeoff case in sideline orientation and %F similar
to Table 3-VII. Table 2-Xv .. ithe test matrix for vr’ cvr and I:
parametric studi-s for o cutback case in community orientation for
configuration TAS-7 and is similar in scope to Table 3-VIII.
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Table 3-XVI is the test matrix for configuration TAS-8 simulating
engine operating line in sideline and community orientations. Since the 0.97"
thick 180° shield showed significant noise suppression, a limited amount of
Vr, CVr and Ti parametric testing for both a takeoff case in sideline
orientation and a cutback case in community orientation was conducted and the
corresponding test matrices are shown respectively in Tables 3-XVII and
3-XVIII.

Table 3-XIX is the test matrix for Configuration TAS-9 simulating

engine operating line.

Appendix A-I contains the test matrices of configurations TAS-1 thru
TAS-9 in SI units.

3.2.2 LASER VELOCIMETER TESTS

The laser velocimeter, a noninvasive diagnostic tool for flow field
measurements, was employed to measure the mean and turbulent velocity
distributions in the jet plumes of selected unsuppressed and mechanically
suppressed nozzles with partial and full thermal acoustic shields. Table 3-XX
shows the breakdown of the laser velocimeter (LV) test points, scope of the
plume measurements and the aerodynamic conditions at which the plume surveys
were conducted. LV measurements were conducted for the takeoff cycle under
both static and simulated flight conditions for all the four (4) selected
single primary flow nozzles with thermal acoustic shield (viz., configurations
TAS-2, TAS-4, TAS-8 and TAS-9). LV measurements for the cutback cycle under
static and simulated flight conditions were conducted only for configuration
TAS-2, to study the plume characteristics at another cycle condition. The

complete details of the LV measurements are contained in Reference 3.5.

3.2.3 AERODYNAMIC CALIBRATION AND DIAGNOSTIC TESTS

The thermal acoustic shield flow for the partial shields is obtained by
a gradual transitioning from a full 360° annular test facility duct to the
180° arc fluid shield nozzle. Sealing techniques were incorporated to prevent

leakage from the 180° nozzle segment to the outer ambient atmosphere
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(see Reference 3.1). An aerodynamic calibration of the thermal acoustic
shield exit plane conditions with respect to the upstream test facility
charging station conditions was conducted on the 180° shield of 0.48"
thickness on configuration TAS-2 and on the 360° shield of 0.48" thickness on

configuration TAS-4 to evaluate flow turning total pressure losses.

An aerodynamic analysis utilizing the Stream Tube Curvature (STC)
method (see Reference 3.1) indicated a possibility of static pressure feedback
from the supersonic core jet to the subsonic shield jet, which in turn could
reduce the shield's effective flow area and cause a low discharge coefficient,
CD' Diagnostic tests to verify this observation were conducted on both the
180° and 360° shields. Tables 3-XXI and 3-XXII contain the aerodynamic
calibration and diagnostic test matrices for configurations TAS-2 and TAS-4

respectively.

To determine the influence of the thermal acoustic shield on the
chute base drag of the 32 chute suppressor, the chutes were instrumented for
static pressure measurements along the base region (see Reference 3.1). The
base static pressures were measured for configurations TAS-6, TAS-7, TAS-8 and
TAS-9 along the engine operating line when the corresponding acoustic tests
were performed. The test matrices of the engine operating line for
configurations TAS-6, TAS-7, TAS-8 and TAS-9 are respectively shown in Tables
3-XII, 3-XIII, 3-XVI and 3-XIX. The complete details of the base pressure
data for Configurations TAS-6, TAS-7, TAS-8 and TAS-9 are contained in

Reference 3.5.
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4.0 TEST RESULTS AND DISCUSSION

The principal objective of this investigation was to develop a thermal
acoustic shield technology data base for AST/VCE application by experimentally
evaluating the influence of selected geometric and aerodynamic flow variables
and simulated flight velocity on the acoustic behavior of unsuppressed and
mechanically suppressed nozzles with a thermal acoustic shield. A laser
velocimeter for the measurement of mean and turbulent velocities and an
aerodynamic instrumentation package for the measurement of total and static
pressures, have been employed as diagnostic tools in understanding the flow
characteristics of selected nozzles with the thermal acoustic shield. Salient
results of the experimental investigation are analyzed in this section.
Subsection 4.1 deals with the analyses of the acoustic test results;
subsection 4.2 deals with the analyses of the laser velocimeter test results
and subsection 4.3 contains the analyses of the aerodynamic calibration and

diagnostic test results.

4.1 ACOUSTIC TEST RESULTS

The discussion of the acoustic test results is grouped under the

following headings:

1. Influence of thermal acoustic shields on the unsuppressed

annular plug nozzle

2. Influence of thermal acoustic shields on the 32 chute

mechanical suppressor nozzle
3. Selective comparisons of the acoustic influence of thermal

acoustic shields on unsuppressed annular plug and 32 chute

suppressor nozzle.
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4.1.1 INFLUENCE OF THERMAL ACOUSTIC SHIELDS ON AN UNSUPPRESSED ANNULAR
PLUG NOZZLE

4.1.1.1 Influence of Partial Shields and Full Shield on An Unsuppressed Plug

Nozzle

The acoustic influence of the 180° shields of 0.48" and 0.97"
thicknesses and the 360° shield of 0.48" thickness, on the unsuppressed
annular plug nozzle at typical approach, cutback and takeoff cycle conditions
of AST/VCE under both static and simulated flight conditions, is analyzed in
this subsection. The measured acoustic model scale data has been scaled to an
AST/VCE size of 0.9032 m2 (1400 inz) flow area and extrapolated to 370°*,
1000’ and 2400' distances for the approach, cutback and takeoff conditions
respectively. The above distances refer to the typical aircraft noise
monitoring locations as prescribed by the FAR-Part 36 (1969) regulation (see
Reference 4.1). The distance for takeoff noise measurement location (viz.,
2400 ft) is derived from a ground sideline distance of 2128 ft (0.35 nautical
mile) from the runway and an aircraft altitude of ~ 1100 ft, a typical
altitude at which maximum takeoff sideline noise is measured. The community
noise measurement location is prescribed to be 21280 ft (3.5 nautical mile)
from the aircraft brake release point. Typical calculated aircraft
trajectories indicate that the aircraft achieves an altitude of ~ 1000 ft at
the community noise measurement location, at which point a thrust cutback is
implemented. The noise measurement location for approach is prescribed to be

directly beneath the aircraft when the aircraft is at an altitude of 370 ft.

Figure 4.1.1-1 compares the static PNL directivities and spectral
content at three (3) angles at 370' sideline distance, of configurations
TAS-1, TAS-3 and TAS-4 for an approach condition. Note the PNL reduction at
all observer angles by both the 180° shield of 0.97" thickness (TAS-3) and the
360° shield of 0.48" thickness (TAS-4) on the unsuppressed annular plug
nozzle. For ei 2 110°, the partial shield of 0.97" thickness (TAS-3)
ylelds larger PNL reductions compared to the full shield of 0.48" thickness
(TAS-4) indicating the enhanced refractive/reflective character of a partial
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shield compared to the full shield carrying approximately equal shield flow
rate. The spectral comparison at ei = 130° shows that the partial shield

is able to reduce the mid and high frequencies (viz., frequencies greater than
250 HZ) more effectively than the full shield of the same flow rate. The
spectral data at ei = 60° and 90° show a reduction of mid and high

frequencies by both the full and partial shield to about the same extent.

Next, the acoustic influence of the thermal acoustic shields on the
unsuppressed annular plug nozzle at typical thrust cutback and takeoff cycle
conditions is studied. The acoustic data for the cutback cycle is
extrapolated to 1000 ft flyover distance (¢ = 0°) whereas for the takeoff
cycle, the data is extrapolated to 2400 ft sideline distance (¢ = 70°).
Figures 4.1.1-2 and 4.1.1-3 compare the PNL directivities and spectral content
of configurations TAS-1, TAS-2, TAS-3 and TAS-4 for cutback and takeoff cycle
conditions respectively. For the cutback cycle, the 360° shield of 0.48"
thickness yields the maximum PNL reduction in the front quadrant compared to
the other thermal acoustic shields whereas, at the peak noise angle (viz.,
ei = 130°) the 360° shield of 0.48" thickness (TAS-4) yields the same PNL
reduction as the 180° shield of 0.97" thickness (TAS-3) (see Figure
4.1.1-2a). At angles aft of 130°, the 180° shield of 0.97" thickness (TAS-3)
yields the maximum noise reduction among the three (3) thermal acoustic

shields being compared.

The 180° shield of 0.48" thickness shows noise reduction at almost all
the observer angles, and exhibits a slight amplification at the peak noise
angle (compared to the baseline annular plug nozzle, configuration TAS-1).
This can be explained by examining the spectral composition at ei = 130°
(see Figure 4.1.1-2b). Note the low frequency amplification compared to the
baseline annular plug nozzle by both the partial shields. The reflective/
refractive effect of the 180° shield of 0.48" thickness in reducing the high
frequency noise is noted for frequencies greater than 1,000 HZ at ei =
130°. sSince the SPL of the baseline nozzle at 1,000 HZ is about 10 dB lower
than the peak SPL, the effect of high frequency noise reduction by the shield
on PNL is not noticed. 1In fact, the PNL of configuration TAS-2 is slightly
higher than that of configuration TAS-1 due to the amplification of the low

frequency noise. However, the 180° shield of 0.97" thickness is seen to
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reduce the noise for frequencies > 250HZ indicating that the thickness of
the partial shield is an important parameter in determining the reflective
properties of the partial shields. The 360° shield of 0.48" thickness does
not show low frequency noise amplification at ei =130° and is seen to
reduce the noise for frequencies > 500 HZ. The high frequency noise
reduction effectiveness of the full shield of 0.48" thickness is in between
those of the two partial shields. At the 4,000 HZ one-third octave band, the
SPL reductions for the 180° shield of 0.97" thickness, the 360° shield of
0.48" thickness and the 180° shield of 0.48" thickness at 01 = 130° are
respectively 12.5 4B, 10.5 dB and 5.9 dB indicating the effective high
frequency noise reduction by the shields.

Next, the spectral data at ei = 90° are examined. The low
frequency noise amplification is not observed for any of the shields, and the
high frequency noise reduction shows a different character compared to 01
= 130°. The 360° shield of 0.48" thickness is seen to be more effective at
ei = 90° in reducing the high frequency noise, compared to the partial
shields. The spectral comparison at e1 = 60° (see Figure 4.1.1-2b) shows
low frequency amplification by all three (3) shields and similar spectral
characteristics as at eiz 90° indicating source strength reduction is a
more significant factor in the front quadrant and at ei = 90° rather than

the reflective/refractive character of the thermal acoustic shields.

Figure 4.1.1-3 contains the static PNL directivity and spectral
comparisons of configurations TAS-1, TAS-2, TAS-3 and TAS-4 at 2400 ft
sideline distance at a takeoff cycle condition. At the peak noise angle
(ei = 140°) both the partial shields yield a PNL reduction of 2 dB and the
360° shield hardly yields any reduction. The spectral data at 91 = 140°
(see Figure 4.1.1-3b) shows high frequency noise reduction by the shields.
However, the contribution of the high frequency noise to PNL is very small due
to the large air attenuation at 2400 ft sideline distance under

consideration. The spectral data at 6, = 60° clearly shows the presence

i
of shock noise contribution by the supersonic core jet at the takeoff cycle.
The 360° shield yields the maximum high frequency noise reduction compared to
the partial shields. At 01 = 90°, the spectral data does not very clearly
show the dominance of shock cell noise indicating that jet noise is equally

significant at 01 = 90°.
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4.1.1.2 Azimuthally Asymmetric Acoustic Field Characteristics of Partial
Shield on Unsuppressed Annular Plug Nozzle

Azimuthal asymmetry of the partial shield acoustics is an important
feature whose determination will help in diagnosing the range of frequencies
and observer angles affected by the partial shields. Figure 4.1.1-4 compares
the PNL directivities and spectra at two (2) angles to inlet axis of
configuration TAS-2 in community, sideline and opposite community
orientations. One notes that the PNL values increase with an increase in
azimuthal angle, ¢. The spectral data at ei = 130° shows that the low
frequency noise of all the three (3) orientations is insensitive to shield
orientation (i.e., for frequencies < 250 HZ). At mid and high frequencies,
there is a definite trend showing that the shield is able to reflect the noise
to the opposite community orientation. The high frequency noise in sideline
orientation is in between that of the community and opposite community
orientations indicating a gradual variation with the azimuthal angle, ¢.

The spectral data at ei = 60° again shows that the low frequency noise is
insensitive to shield orientation. However, the mid and high frequency noise
does not show the variation with azimuthal angle as was observed in the aft
quadrant indicating that the reflective/refractive effects of the partial
shield are not dominant in the front quadrant. The dominant mechanism in the
front quadrant is possibly the source strength reduction due to the shield and

also eddy convection effects.

Next, to highlight the reflective character of the partial shield,
acoustic data of configuration TAS-2 in community and opposite community
orientations will be compared with those of the baseline annular plug nozzle,

configuration TAS-1.

Figure 4.1.1-5 compares the PNL directivities and spectral content at
ei = 130° and 60° of the baseline annular plug nozzle (TAS-1) and the
annular plug nozzle with 180° TAS of 0.48" thickness (TAS-2) in community and
opposite community orientatiuns at a typical cutback case in flight. One
notes that the vartial shield gives noise reduction at all observer locations
in community orientation compared to the baseline plug nozzle. The PNL's in
the opposite community orientation are higher than those of the baseline plug
nozzle, indicating the reflective character of the partial shield. The
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spectral distribution at ei = 130° (see Figure 4.4.1-5b) shows that the
partial shield has noticeably reduced the mid and high frequency noise of the
baseline plug nozzle in the community orientation and has increased the mid
frequency noise in the opposite community orientation. The low frequency
noise is not affected by the partial shield indicating that the shield might
have mixed with the core jet at locations where low frequency noise is

generated. The spectral data at 6 60° shows a slight reflective

i=
character at mid-frequencies in the sense that the data of the nozzle with
180° shield in community and opposite community orientations are on either

side of the data of baseline annular plug nozzle.

4.1.1.3 Influence of the Kinematic Ratios (V‘. cvl and Tf) on

Acoustic Characteristics of Unsuppressed Annular Plug Nozzle

Typical results of the parametric variation of the partial thermal
acoustic shield's aerodynamic conditions, keeping the core conditions of the
unsuppressed plug nozzle reasonably constant, are presented in this
subsection. For this study, the core jet of configuration TAS-2 is maintained
at a typical cutback condition and the partial shield aerodynamic conditions
are varied within the domain of practical interest (see Subsection 3.2.1 and
Figure 3.3). Velocity ratio (Vr) determines the shearing gradient between
the core and shield jets. The thermal acoustic shield velocity ratio (CVr)
is a ratio of the phase velocity of the shield jet to the core jet, which

determines the refraction characteristics of the shield jet.

Figure 4.1.1-6 shows the influence of varying the velocity ratio (Vr)
of the shield, keeping the thermal acoustic shield velocity ratio (Cvr)
constant, on the PNL directivity and spectral contentvat ei = 60° and
140°. Note that over the limited range of variation of the velocity ratio,
there is no noticeable variation of the PNL directivity or spectrum at
N

1

v
r

influence of varying the thermal acoustic shield velocity ratio (Cvr)

60°. Only at very high frequencies at ei = 140° does

0.6 yield lower SPL's than Vr = 0.7. Figure 4.1.1-7 shows the

R

keeping the shield to core jet velocity (Vr) reasonably constant, on the PNL

directivity and spectra at ei = 60° and 150°. One again detects the

influence of Cvr only at very high frequencies . From ray acoustics
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considerations, a higher value of CVr yields higher refraction
capabilities. Since the contribution of high frequencies to PNL is negligible

for the case under study, there are no noticeable differences in PNL.

Next, the combined influence of varying Vr and cvr, keeping the
static temperature ratio (Ti) reasonably constant, on the PNL directivity
1= 60° and 140° is shown in Figure 4.1.1-8. As

with the variation of Vr keeping CVr constant and vice versa, the combined

and spectral content at ©

influence of varying Vr and CVr keeping Ti constant is not signifi-

cant on the PNL directivity of the unsuppressed annular plug nozzle with a
partial shield, over the range of conditions tested. The spectral data in the
aft quadrant shows some influence of Vr and CVr in the high frequency

region only.

4.1.1.4 Influence of the Partial Shield on Unsuppressed Annular Plug Nozzle
With a Convergent-Divergent Flowpath for the Core Nozzle

The application of a convergent-divergent flowpath to guide a
supersonic stream for complete expansion at the design Mach number to ambient
pressure for a plug nozzle has been shown to give shock cell noise reduction
(see Reference 4.3). The shock cell noise reduction is attributed to the
absence of a strong shock cell structure on the plug surface due to the
convergent-divergent flowpath. The core nozzle of configuration TAS-5 employs
a convergent-divergent flowpath designed for an exit Mach number of 1.4 and a
180° shield of 0.48" thickness. The convergent-divergent tore nozzle alone
(Configuration SC-4) was tested under a separate contract. The objective of this
subsection is to evaluate the acoustic effect of the partial shield on the conver-
gent-divergent annular plug nozzle.

Figure 4.1.1-9 compares the PNL directivities and spectral composition
at four (4) angles to observer of configurations TAS-5 and SC-4 with the core
at the design condition (viz., !j = 1.4, VJ = 2420 fps, pi = 3.12,
Ti = 1730° R). The partial thermal acoustic shield was maintained at a
velocity ratio (i.e. V'j/VJ) of 0.6, keeping the total temperature of the
shield at 1730°R. Configuration TAS-5 was tested in a sideline orientation
(¢ = 70°). The TAS has no influence on the front quadrant perceived noise
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levels. There is a slight PNL increase at the peak noise angle (viz., ei

[}

130°) and a noise reduction at shallow angles to the jet axis (viz., ©
= 140°, 150° and 160°). The spectral data at ei = 60°, 90° and 130°
indicates a minor or negligible influence of the partial shield. At 0,6 =
130°, the slight amplification of PNL by the shield can be ascribed to the low
i = 150° one
notices significant reductions in the high frequency noise by the partial
shield.

frequency noise amplification by the shield. However, at ©

It will be shown in Subsection 4.1.3 that for an unsuppressed annular
plug nozzle, the thermal acoustic shield becomes ineffective in yielding any
PNL reductions as the core jet velocity increases due to the dominance of the
low frequency noise of the very high velocity core jets and the ability of the
thermal acoustic shield to suppress mainly the mid and high frequency noise.
The core jet velocity of configuration TAS-5 at the design condition is in the
domain of very high core jet velocities where the thermal shield was not

effective in yielding PNL reductions at many observer locations.

For the purpose of comparison, the influence of the 180° shield of
0.48" thickness on the unsuppressed annular plug with a convergent termination
at the cycle condition similar to that of configuration TAS-5 was analyzed.
Figure 4.1.1-10 compares the PNL directivities and spectral composition of
configurations TAS-2 and TAS-1. The partial thermal acoustic shield of
configuration TAS-2 was maintained at a velocity ratio (i.e., Vsjlvj) of
0.6, and was tested in sideline orientation. Again, one notes that the
partial shield gives PNL reductions only at very shallow angles (viz.,
ei = 140°, 150° and 160°) and yields a slight amplification of PNL at the
i = 60°, 90°, 130° and
150° of configurations TAS-1 and TAS-2 bear similar relationships as those of
configurations SC-4 and TAS-5.

peak noise angle. The spectral composition at 6

One significant geometric difference between the 180° shields on
unsuppressed annular plug nozzle with convergent termination and on
unsuppressed annular plug nozzle with convergent-divergent termination is the
axial stagger between the core and shield streams. 1In the case of
configuration TAS-2, the axial stagger between the shield and core jets is
0.8" whereas in the case of configuration TAS-5, the axial stagger is 4.60"
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(see Table 3-1I). However, the acoustic comparisons of configuration SC-4
with TAS-5 and of configuration TAS-1 with TAS-2 indicate a similar influence
of the partial thermal acoustic shields, implying that the axial stagger
between the shield and core streams does not significantly influence the

acoustic behavior of the shields, at high core jet velocities.

4.1.2 INFLUENCE OF THERMAL ACOUSTIC SHIELDS ON 32 CHUTE MECHANICAL
SUPPRESSOR NOZZLE

4.1.2.1 Influence of Partial Shields and Full Shield on 32 Chute Suppressor
Nozzle

The acoustic influence of the 180° shields of 0.48" and 0.97"
thicknesses and the 360° shield of 0.48" thickness on the 32 chute suppressor
nozzle at typical approach, cutback and takeoff cycle conditions at

appropriate sideline distances is discussed in this subsection.

Figures 4.1.2-1 and 4.1.2-2 respectively show the PNL and spectral data
of configurations TAS-6, TAS-8 and TAS-9 at an approach cycle at a sideline
distance of 370 ft for static condition. The PNL directivities indicate that
the 180° shield of 0.97" thickness gives excellent noise suppression at all
observer angles. At the peak noise angle (ei = 120°), a PNL reduction of
8.0 dB is obtained by the 180° shield of 0.97" thickness. The PNL reduction
at ei = 90° by the 180° shield of 0.97" thickness is 4.5 dB. The PNL
reductions in the front quadrant by the partial shield are about the same as
at 6i = 90°, whereas the PNL reductions in the aft quadrant by the partial
shield are noticeably larger. The 360° shield of 0.48" thickness carries
about the same amount of shield flow rate as the 180° shield of 0.97"
thickness, but yields lesser amount of the PNL reductions compared to the
partial shield.

Figures 4.1.2-2a and 4.1.2-2b compare configurations TAS-6, TAS-8 and
TAS-9 at four (4) observer angles (6i = 60°, 90°, 120° and 140°) for the
approach cycle static condition. The pronounced high frequency content of the
32 chute mechanical suppressor nozzle is noticeable at all the four (4)
obgserver angles. At 61 = 90°, the SPL reductions by the shields are due
to source modifications. The partial shield of 0.97" thickness and the 360°
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shield of 0.48" thickness are seen to reduce the noise of the suppressor for
frequencies greater than 160 HZ. Significant spectral differences between the
partial and the full shield occur at mid-frequencies (between 500 HZ to 2500
HZ), but no significant differences between the two shields are observed at
very high frequencies at 6i = 90°,

Similar observations can be made by examining the spectra at
91 = 60°. The spectral shapes of the two shielded configurations exhibit
a similar relationship to the unshielded configuration spectrum at ei =
60° as was observed at 90°, indicating that the speculated source modification
by the shields noted at ei = 90° is the significant effect at a forward
quadrant angle such as 60°. The changes between 61 = 60° and 90° can be
attributed to the eddy convection effects which exist at 0i = 60° and
which are minimal at 9i = 90°. Since both the shield and core jets are
subsonic for the approach cycle, there is no shock cell noise to contend with

in the front quadrant.

Next, the spectral data at Oi = 120° and 140° are analyzed. A
large noise reduction was obtained by the 180° shield of 0.97" thickness for
frequencies greater than 250 HZ. The maximum SPL reduction by the partial
shield at ei = 120° equals 13.7 dB at 1000 HZ and the maximum SPL
reduction at 61 = 140° equals 20.3 dB at 5000 HZ, indicating that the
partial shield effectively suppresses the high frequency noise in the aft
quadrant. In contrasbt, the maximum SPL reduction by the full shield of 0.48"
thickness at 61 = 120° equals 7.3 4B at 1000 HZ and the maximum SPL
reduction at 9i = 140° equals 8.5 dB at 10,000 HZ. Also, the partial
shield is able to suppress significantly better than the full shield for
frequencies greater than 315 HZ implying that for a given shield flow rate, a
partial shield is a better high and mid frequency noise suppressor than the
full shield. It should also be pointed out that at ei = 120° and 140°,
there is an amplification of the low frequency noise (i.e., for frequencies

less than 250 HZ) by the thermal acoustic shields which is attributed to the

stretching of the jets by the shields due to a reduction of the shear stresses.

Next, the influence of the 180° shields of 0.48" thickness, and 0.97"
thickness and the 360° shield of 0.48" thickness on the 32 chute suppressor at

cutback and takeoff cycle conditions are discussed.
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Figures 4.1.2-3 and 4.1.2-4 respectively show the PNL directivity and
spectral content of configurations TAS-6, TAS-7, TAS-8 and TAS-9 at a typical
thrust cutback case at a 1000 ft sideline distance. The partial shields are
in community orientation. As in the approach case, the 180° shield of 0.97"
thickness has yielded maximum PNL reduction. At the peak noise angle of
ei = 120°, the 180° shield of 0.97" thickness has yielded 8.0 dB
reduction, the 180° shield of 0.48" thickness has yielded 2.5 dB reduction and
the 360° shield of 0.48" thickness has yielded 3.0 dB reduction. At all the
observer angles, there are no significant differences in the perceived noise
levels of configurations TAS-7 and TAS-9 indicating that the full and partial
shield of same thickness do not exhibit different directivity patterns.
However, doubling the shield thickness of the partial shield has yielded
significantly higher noise reductions for the 32 chute suppressor nozzle at
all observer locations, indicating that the thickness of the shield is a

significant parameter in determining the effectiveness of the shield.

The spectral content of configurations TAS-6, TAS-7, TAS-8 and TAS-9
are analyzed next. The spectral comparison at ei = 90° indicates no
significant differences in the spectral content of configurations TAS-7 and
TAS-9. Configuration TAS-8 shows the maximum suppression for frequencies
greater than 250 HZ. There is no noticeable amplification of the low
frequency noise at ei = 90°.

The 32 chute suppressor nozzle generates a large amount of high
frequency noise, whose sources are located close to the jet exit plane. The
partial shield of 0.97" thickness (TAS-8) is seen to modify the high frequency
portion of the spectrum considerably compared to the partial shield and full
shield of 0.48" thickness (TAS-7 and TAS-9, respectively), indicating that the
thicker partial shield (TAS-8) is able to alter the source characteristics to
a greater extent. The differences in spectral character at ei = 60° for

the four configurations are similar to those at 6, = 90°.

i
Significantly different trends are exhibited in the aft quadrant. At

g = 120°, 140° and 150°) one
notices that the partial shield of 0.97" thickness (TAS-8) is able to

the three aft angles considered (viz., ©

effectively suppress the dominant mid and high frequency content of the 32

chute suppressor and has eliminated the characteristic suppressor nozzle high
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frequency peak. The 180° shield of 0.48" thickness (TAS-7) and the 360°
shield of 0.48" thickness (TAS-9) did not eliminate the high frequency peak,
again indicating that the thickness of the shield affects both the source
characteristics and the reflective characteristics. No significant
differences between the 180° and 360° shields of 0.48" thickness were observed
at the aft angles except at very high frequencies at ei = 140° and 150°.

The 180° shield of 0.48" thickness (TAS-7) is quieter than the 360° shield of
0.48" thickness (TAS-9)for frequencies greater than 4000 HZ at ei = 140°,

and 2500 HZ at 0i = 150°. This indicates that a partial shield is a

better noise suppressor than the full shield of the same thickness only at
shallow angles to jet axis and at very high frequencies where the ray acoustic
considerations such as total internal reflection of partial shields and
possible multiple reflections of full shields come into play. Also, at
shallow angles to jet axis, there is considerable low frequency noise
amplification by all the thermal acoustic shields, and such an amplification
of low frequency noise is not noted at ei = 90°. Hence, though the

shields have been able to suppress the high frequency noise, the accompanying
low frequency noise amplification offsets this gain to minimize perceived
noise level reductions. Also, at shallow angles to the jet axis, the distance
between the observer and jet exit plane increases at a fixed sideline distance
(e.g., the distance between jet exit plane and observer for e.1 = 150° and

a sideline distance of 1000 ft equals 2000 ft). Hence, the high frequency
components undergo larger air attenuation effects than the low frequency
components, and the corresponding contribution to the perceived noise level by

the high frequency noise is reduced compared to the low frequency noise.

The influence of various thermal acoustic shields on the 32 chute
suppressor nozzle at a typical takeoff cycle are analyzed next. For the
takeoff case, the sideline distance is chosen to be 2400 ft and the
orientation of partial shields is at an azimuthal angle, ¢, of 70° (see
Table 3-III). Figures 4.1.2-5 and 4.1.2-6 respectively show the PNL
directivity and spectral content of configuration TAS-6, TAS-7, TAS-8 and
TAS-9 at the takeoff cycle under static condition. Compared to the approach
and cutback cases, the thermal acoustic shields are seen to give smaller PNL
reductions at this takeoff cycle. 1In the case of cutback cycle, the 180°
shield of 0.97" thickness yielded 8.1 dB PNL reduction at ei = 120°
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whereas in the takeoff case, it yielded only 4 dB PNL reduction. Also, for

ei > 130°, one notices amplification by all the three (3) shields for
the takeoff cycle.

From ray acoustic considerations, one would anticipate that the thermal
acoustic shields should yield significant noise reductions at shallow angles
to the jet axis owing to the total internal reflections possible for angles
shallower than the critical angle for total internal reflection. (For the
shield and jet velocities under consideration, the critical angle for total
internal reflection as predicted by the Snell's law lies between 110° and 120°
to inlet axis.) 1In the present case, however, the thermal acoustic shields
have given perceived noise level reductions everywhere except shallow angles
to the jet axis indicating that the acoustic behavior of the thermal acoustic
shields over a distributed noise source such as a jet flow is governed by many
factors such as the stretching of the jet flow, modification of the noise

sources within the jet by the shield flow, and modified eddy convection

effects.

Application of the Snell's law to model the refraction/reflection
effects of the thermal acoustic shields is a simplistic approach and one has
to realize the relevance of other fluid dynamic effects in understanding the
behavior of the thermal acoustic shields. One notices that the 180° shield of
0.97" thickness yields an amplification of the noise by 5.2 dB in perceived
noise level at 6, = 160°,

i

An analysis of the spectral content at various observer angles will aid
in understanding the observed PNL directivities. At ei = 90°, there is a
noticeable high frequency peak of the 32 chute suppressor. However, it is not
as pronounced as it was at the cutback case which is attributable to the
larger sideline distance for the takeoff case and the accompanying higher air
attenuation of the high frequency components. The spectral reductions by the
shields are noticed to be lower at the takeoff case compared to the cutback
case; for example, the 180° shield of 0.97" thickness yielded 8.4 dB reduction
at 1000 HZ for the cutback case whereas it yielded only 5.9 dB reduction for
the takeoff case at the same 1/3-octave band. This means that as the core jet
velocity increases, the ability of the thermal acoustic shield to reduce the
source noise is decreasing. Note again that the 180° and 360° shields of
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0.48" thickness show minor differences at Oi = 90° as in the cutback

case. The front quadrant spectra at 6, = 60° show relatively similar

i
features as at ei = 90°,

Next, the spectral content at ei = 120°, 130° and 140° are
analyzed. At 1000 HZ frequency, the 180° shield of 0.97" thickness yields a
reduction of 5.8 dB at the takeoff case whereas for the cutback case, it
yields 11 dB reduction at the same 1/3-octave band frequency, indicating the
reduced potential of the thermal acoustic shield to suppress noise at higher
core jet velocities. At ei = 130°, configurations TAS-6, TAS-7, TAS-8 and
TAS-9 have approximately the same perceived noise level, but the spectral
composition of these four (4) configurations is to be studied next. The
configurations with the shields suffer from low frequency amplification, as
well as simultaneously yielding high frequency reductions. Configuration
TAS-8 does not show any high frequency peak, whereas configuration TAS-7 and
TAS-9 do show the high frequency peak, indicating that the thicker partial
shield is still the best high frequency noise suppressor of the three

shields. However, it also has the maximum low frequency noise content.

Because of this interplay between the high frequency suppression and
the accompanying low frequency amplification, the thermal acoustic shield
nozzles can have the same PNL as the 32 chute suppressor by itself. The
spectral data at 0i = 140° gshows even more pronounced low frequency noise
amplification by the thermal acoustic shields. At 61 = 130*, the 180°
shield of 0.97" thickness yielded noise reductions for frequencies greater
than 630 HZ whereas at 91 = 140°, noise reductions are noted for
frequencies greater than 800 HZ indicating the increased dominance of low
frequency noise at shallower angles to the jet axis, and the resulting

increase in the perceived noise level due to the thermal acoustic shields.

4.1.2.2 Azimuthally Asymmetric Acoustic Field Characteristics of Partial
Shield on the 32 Chute Suppressor Nozzle

In this subsection, the azimuthally asymmetric acoustic field
characteristics of the 32 chute suppressor with the 180° shield of 0.97"
thickness at typical approach, cutback and takeoff cycle conditions are
discussed. The acoustic measurements have been performed with microphones in
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the community and typical sideline look angle of 20° orientations. The
measured acoustic data has been scaled to 1400 inz and the data extrapolated
to 2400 ft sideline distance for all the above three cycle conditions for this
study.

Figure 4.1.2-7 shows the azimuthally assymmetric PNL directivities of
configuration TAS-8 in sideline and community orientations for approach,
cutback and takeoff cycle conditions. It is to be noted that at all the above
conditions, the perceived noise level measured in the sideline orientation is
higher than or equal to that measured in the community orientation. Also, the
azimuthal assymmetry in the PNL directivity for the takeoff cycle is smaller
than those for the cutback and approach cycles indicating that as the core jet
velocity (and correspondingly the shield jet velocity) increases, the

azimuthal asymmetric influence of the partial shield reduces.

Next, the asymmetric influence of the partial shield on the spectral
content at the approach, cutback and takeoff cycles is analyzed. Figure
4.1.2-8 compares the asymmetric influence of the 180° shield of 0.97"
thickness on the 32 chute suppressor at 6i = 90° for approach, cutback and
takeoff cycles. Note that azimuthal assymmetry exists for mid and high
frequencies (viz., typically for frequencies greater than 630 HZ) and at low
frequencies there is no noticeable azimuthal asymmetry, implying that the mid
and high frequency noise sources are located in the region where the partial
shield jet has not fully mixed with the core jet to yield an asymmetric flow
field. Next, figure 4.1.2-9 compares the asymmetric influence of the partial
shield on the 32 chute suppressor at ei = 140° for approach, cutback and
takeoff cycles. As at_ei = 90°, the acoustic field of frequencies less
than 630 HZ does not show any notable azimuthal variation. At higher
frequencies, one finds that there is a significant azimuthal variation between
community and sideline orientations. The azimuthal variation at ei = 140°
is not only caused by the assymmetric source distributions, but also by the
azimuthally asymmetric téflection/scattering of the high frequency noise by
the partial shield. Particularly at the sideline orientation, which has a
look angle of 20°, there is a significant possibility of "spill-over" of the
noise reflected by the partial shield to the observer which in turn results in
higher noise levels in the sideline position. It is to be noted that at the
takeoff cycle, the azimuthal variation of the spectra is smaller compared to
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that at cutback and approach cycles, indicating the reduced potential of the
partial shield to influence the noise of the suppressor at high core jet

velocities.

4.1.2.3 Influence of the Kinematic Ratios (Vl. CVL and Tf) on the
Acoustic Characteristics of the 32 Chute Suppressor Nozzle

Salient results of a sensitivity study of the shield to core jet
velocity ratio (Vr), thermal acoustic shield velocity ratio (Cvr) and
combined influence of Vr and CVr at a constant static temperature ratio
(T:) for the 32 chute suppressor nozzle with 180° shield of 0.97"
thickness (TAS-8) are presented in this subsection. For this study, the core
jet conditions were maintained at a typical cutback condition and the partial
shield was in the community orientation. The conditions of the partial shield
were varied within the operating domain defined in Subsection 3.2.1 and

Figure 3.3.

Figure 4.1.2-10 shows the influence of varying the shield to core jet
velocity ratio (Vr), keeping the thermal acoustic shield velocity ratio
(CVr) approximately constant, on PNL directivity and spectral content for
simulated flight condition. Note that the PNL values in the aft quadrant are
lower for Vr = 0.6 compared to Vr = 0.34, whereas, in the front quadrant,
the PNL values are slightly higher for Vr = 0.6 compared to vr = 0.34.
1= 60° and 140° in Figures 4.1.2-10b and

4.1.2-10c respectively. The influence of Vr in the front and aft quadrants

The spectral data are shown at ©

are noted at high frequencies indicating that the Vr effect is significant
for the high frequency noise sources located close to the nozzle exit plane.
The higher velocity ratio shield yields lower high-frequency noise in the aft
quadrant and higher high-frequency noise in the front quadrant, compared to
the lower velocity ratio shield. This is another indication that different

physical mechanisms dominate in the front and aft quadrants.
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Next, the influence of CVr (holding Vr constant) on the PNL and
spectral content are analyzed (see Figure 4.1.2-11). One notices that the PNL
values reduce with an increase in CVr up to ei = 120°. Spectral
distributions are shown in Figures 4.1.2-11b and 4.12-11lc at directivity
angles 60° and 140°. At 0i = 60°, as CVr increases, the high frequency
noise reduces; whereas such a trend is not observed at 6i = 140°. Based on
pure ray acoustic considerations, higher values of CVr imply greater
refracting effect of the thermal acoustic shield. However, for the limited
variation of the Cvr parameter explored significant noise variation with
CVr has not been observed for the 32 chute suppressor nozzle with the

thermal acoustic shield.

Next, the combined influence of Vr and CVr holding the static
temperature ratio (T:) approximately constant is analyzed. Figure
4.1.2-12 shows the PNL directivity and spectral data at ©6i = 60° and 140°
for two test points with about the same Ti, but different values of Vr
and CVr. The PNL and spectra are not significantly different indicating
that for the range of Vr and cvr considered, their combined influence
holding Ti constant on the acoustic characteristics of the 32 chute

suppressor with thermal acoustic shield is minimal.

4.1.3 COMPARISON OF ACOUSTIC INFLUENCE OF THERMAL ACOUSTIC SHIELDS ON
UNSUPPRESSED ANNULAR PLUG AND 32 CHUTE SUPPRESSOR NOZZLES

A comparative study of the thermal acoustic shield influence on the
unsuppressed annular plug and 32 chute suppressor nozzles was carried out to

evaluate the following:

A. Influence of the partial thermal acoustic shield of 0.97"
thickness, on the directivity of 1/3 octave band frequencies of

the unsuppressed annular plug and the 32 chute suppressor nozzles;

B. Impact of the sideline distance on the PNL reduction due t¢ the
partial thermal acoustic shield of 0.97" thickness for the
unsuppressed annular plug and the 32 chute suppressor nozzles;

and,
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C. Asymmetric acoustic characteristics of the unsuppressed annular
plug and 32 chute suppressor nozzles with the partial thermal
acoustic shield of 0.97" thickness.

4.1.3.1 Influence of the Partial Thermal Acoustic Shield of 0.97" Thickness
on the Directivity of 1/3 Octave Band Frequencies of the Unsuppressed
Annular Plug and the 32 Chute Suppressor Nozzles

An evaluation of the differences in noise suppression effectiveness of
the 180° shield of 0.97" thickness on the unsuppressed annular plug and the 32
chute suppressor nozzles in terms of the directivity of various 1/3 octave
band frequencies was carried out to diagnose the importance of different

physical mechanisms.

For this study, the static data of configurations TAS-1, TAS-3, TAS-6
and TAS-8 (scaled to a total flow area of 1400 inz) were used to calculate
the shield effectiveness directivity patterns at various 1/3-octave
frequencies. Figure 4.1.3-1 shows the influence of the 180° shield of 0.97"
thickness on the directivity of the varius 1/3 octave band frequencies of
unsuppressed annular plug and 32 chute suppressor nozzles at a typical
approach cycle condition. Note the high levels of suppression of the high
frequency. bands due to the partial shield in the aft quadrant for both the
unsuppressed and 32 chute suppressor nozzles. For the 4000 HZ band, the
maximum suppression is about 19-20 dB at 6i = 140° for both the unsuppressed
and 32 chute suppressor nozzles. For the unsuppressed nozzle, as the
frequency increases so does the suppression in the aft quadrant. However,
such a clear trend is observed for the 32 chute suppressor nozzle only at two
(2) aft quadrant angles (viz., ©i = 140° and 150°). The rapid increase in
the suppression of the high frequency noise in the aft quadrant is attributed
to the fluid shielding which results for angles aft of the (theoretical)
critical angle for total internal reflection. Based on the aerodynamic
conditions of the shield and core jets, the critical angle for total internal
reflection can be calculated by the following theoretical relationship
(Reference 4.4):
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COS(ei) = —L (4.1.1)

cr Hc + (c/c )
where

amb

Hc is the noise source (eddy) convection Mach number,
c is the local sonic speed through which the eddy is

convecting, and, ¢ is the ambient sonic speed.

amb

The above relationship is based on ray acoustic considerations and
assumes a plug flow model for the jets. The eddy convection Mach number
(Hc) is calculated empirically. Typical empirical correlations for the eddy

convection Mach number utilized in Reference 4.4 are as follows:

For unsuppressed nozzles:

2

For mechanical suppressor nozzles:

M1 [ 94;2——‘]—!2-

e =5 [0.55 + 8373 | e (4.1.2)

0.2 ¥

M 1
c =5 [0.4 + vsj/vj L (4.1.3)

Utilizing equations (4.1.1) through (4.1.3) the critical angle for total

internal reflection for the approach case for the unsuppressed annular plug
nozzle is calculated to be 117.4°, and 122.2° for the 32 chute suppressor

i > 120°, the

partial shield produces large amounts of suppression for the high frequency

nozzle. The measured data does indicate that, for ©

waves which behave like acoustic rays, implying that the internal reflection
is one of the dominating mechanisms at shallow angles to the jet axis.
However, there is no abrupt onset of the noise cutoff mechanism in real jets
for the high frequency waves as is implied by the ray concept of total
internal reflection, due to the distributed nature of sources and spatially
varying flow fields.
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The noise reduction in the front quadrant and at ei = 90° is

attributed to the source modifications due to changes in the velocity and
temperature gradients by the partial shield. The partial shield reduces the
velocity and temperature gradients of the core jet near the jet exit plane and
thereby reduces the source strength of the eddies close to the exit plane.
However, the reduction in gradients of velocity by the shield results in
lengthening of the jet in the axial direction which in turn raises the
contribution of the low frequency noise. One notes in Figure 4.1.3-1 that for
frequencies greater than or equal to 250 Hz, the partial shield is able to
reduce the noise in the front quadrant for both the unsuppressed annular plug

and 32 chute suppressor nozzles.

The above analysis was repeated for the cutback, takeoff and maximum
thrust cycle conditions (see Figures 4.1.3-2 through 4.1.3-4). The shield
suppression characteristics in the aft quadrant for the unsuppressed annular
plug nozzle for the cutback case (see Figure 4.1.3-2a) resemble that of the
annular plug nozzle for the approach case, namely, as frequency increases so
does the suppression and the 4000 Hz frequency shows a peak suppression of
about 22 dB at ei = 150° and 160°. Compared to the approach case, the
cut-off mechanism seems to set in more abruptly and there is smaller amount of
source reduction in the front quadrant; both indicating a reduced mixing of
the shield and core jets for the cutback case. In the case of the 32 chute
suppressor at the cutback case (see Figure 4.1.3-2b), the 4000 HZ 1/3 octave
band frequency yields about the same maximum value of suppression in the aft
quadrant as in the approach case, namely 19 dB. The 250 HZ and 500 HZ 1/3
octave bands show amplification due to the shield in the aft quadrant for the
cutback case, unlike the approach case. The partial shield is seen to yield
larger values of source reduction in the front quadrant for the suppressor
nozzle (cf., Figures 4.1.3-2a and 4.1.3-2b) attributable to the differences in
the mixing characteristics between the 32 chute suppressor and unsuppressed
annular plug nozzles. For the 32 chute suppressor nozzle with the partial
shield, only two highest frequencies examined (viz., 2000 HZ and 4000 HZ) show
features of total internal reflection, whereas, in the case of the
unsuppressed annular plug nozzle, all the frequencies considered except the
lowest frequency show features of total internal reflection in the aft
quadrant. This observation again confirms that source modification is more
significant for the 32 chute suppressor nozzle than for the unsuppressed
annular plug nozzle with the partial thermal acoustic shield.
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Figure 4.1.3-3a.
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The influence of the partial thermal acoustic shield on the directivity
of various one-third octave band frequencies of unsuppressed annular plug and
32 chute suppressor nozzles at a takeoff condition is shown in Figure
4.1.3-3. The noise suppression features of the partial shield on the
unsuppressed annular plug nozzle closely resemble those at the cutback
condition. However, in the case of the 32 chute suppressor nozzle, only the
4000 HZ frequency shows features of total internal reflection, and the source
modification seems to be the dominant feature in the takeoff case. There is
considerable amount of amplification of the 250 HZ and 500 HZ frequencies in
the aft quadrant by the partial thermal acoustic shield for the 32 chute
suppressor nozzle, and such amplifications are not observed in the case of the
unsuppressed annular plug nozzle at 250 HZ and 500 HZ. This is yet another
manifestation of the significantly different mixing features of the
unsuppressed annular plug and the 32 chute suppressor nozzles with the partial
thermal acoustic shield.

The influence of the partial shield of 0.97" thickness on the
directivity of various 1/3 octave band frequencies of unsuppressed annular
plug and 32 chute suppressor nozzles at maximum thrust conditions are shown in
Figure 4.1.3-4. For both the nozzles, the maximum suppression for 4000 HZ
frequency has reduced noticeably at .the maximum thrust condition which
indicates that the potential of the thermal acoustic shield to suppress the
noise reduces as the cbre jet velocity increases. As at other cycle
conditions, the suppression effectiveness of the partial shield increases as
the frequency increases and the total internal reflection séems to be the
dominant mechanism in the aft quadrant for the unsuppressed annular plug
nozzle for the maximum thrust case. However, in the case of the 32 chute
suppressor nozzle, the noise reductions in the front quadrant are at about the
same level or slightly lower than those in the aft quadrant implying that
source modification plays a major role in the noise suppression effectiveness

of the partial shield on a mechanical suppressor nozzle.

4.1.3.2 Impact of the Sideline Distance on the PNL Reduction Due to the

Partial Thermsl ac.:i3tic Shield of 0.97" Thickness on the
Unsuppreesed Annuiatr Dli'g and the 32 Chute Suppressor Nozzles

The sideline distances for typical aircraft noise monitoring locations
for approach, cutback and takeoff conditions are different (see Subsection
4.1.1.1). As has been shown in the previous sections, the thermal acoustic
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shields yield mid and high frequency noise reductions. As the sideline or
propagation distance increases, the high frequency noise attenuates faster
than the low frequency noise, since, atmospheric absorption of sound increases
with frequency. Hence, the contribution of the high frequency noise component
to the perceived noise level decreases as the sideline distance increases.
Hence, the effectiveness of the thermal acoustic shield in terms of the PNL
reductions is expected to be a function of the sideline distance. Thus, it is
important to evaluate the acoustic effectiveness of the thermal acoustic
shield at the sideline distances appropriate for the cycle conditions. With
the above objective in mind, the acoustic effectiveness of the partial shield
of 0.97" thickness on the unsuppressed annular plug and the 32 chute
suppressor nozzles over the entire AST/VCE operating line is evaluated in this

subsection.

Figure 4.1.3-5 shows the influence of sideline distance on thrust and
jet-density-normalized peak PNL and spectral reduction by the 180° thermal
acoustic shield of 0.97" thickness on the unsuppressed annular plug nozzle.
Figure 4.1.3-5a shows the dependence of normalized peak PNL reduction along an
engine operating line on the sideline distance for the simulated flight
condition. One notices that, as the core jet velocity (VJ) increases, the
extent of noise reduction by the thermal acoustic shield diminishes. Also, at
high core velocities, there is a noise amplification. The normalized PNL
reduction by the thermal acoustic shield is seen to be dependent on the

sideline distance.

Spectral content at the peak noise angle (ei = 130°) for the
cutback case, which has a core jet velocity of approximately 1850 fps is shown
at 370 ft., 1000 ft. and 2400 ft. sideline distances in Figures 4.1.3-5b,
4.1.3-5¢ and 4.1.3-5d, respectively. There is a significant amount of high
frequency noise of configuration TAS-1 contributing to the PNL at 370 ft.
sideline distance. As the sideline distance increases, the contribution of
the high frequency noise to PNL decreases due to the dissipation of the high
frequency noise by air attenuation (see Figures 4.1.3-5c and 4.1.3-5d). Since
the thermal acoustic shield is quite effective in suppressing the high
frequency noise, its effectiveness on PNL reduction is more noticeable at
370 ft. sideline distance than at 1000 ft. or 2400 ft. However, the sound
pressure level reduction at any one-third octave band by the thermal acoustic

shield is the same irrespective of the sideline distance chosen.
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Figure 4.1.3-6 shows the influénce of sideline distance on thrust and
jet-density-normalized peak PNL and spectral reduction by the 180° T.A.S. of
0.97" thickness on the 32-chute suppressor nozzle. Figure 4.1.3-6a shows the
dependence of normalized peak PNL reduction along an engine operating line on
the sideline distance for the simulated flight condition. One notices a
maximum normalized PNL reduction of 8 dB at a core jet velocity of
approximately 1850 fps. The thermal acoustic shield on the 32-chute
suppressor nozzle yields significantly higher PNL reductions over the entire
engine operating line compared to the unsuppressed annular plug nozzle (see
Figures 4.1.3-5a and 4.1.3-6a). This can be attributed to the relatively
larger high frequency noise content of a mechanical suppressor nozzle compared
to an unsuppressed nozzle, accompanied by the effective suppression of the

high frequency noise by the thermal acoustic shield.

Figures 4.1.3-6b, 4.1.3-6c and 4.1.3-6d respectively show the spectral
content at the peak noise angle (9i = 120°) for the cutback case which has
a core jet velocity of approximately 1850 fps at 370 ft., 1000 ft. and 2400
ft. sideline distances. Note that even at a sideline distance of 2400 ft.
(see Figure 4.1.3-6d), the 32 chute-suppressor nozzle (Configuration TAS-6)
has a pronounced high frequency content. Due to its ability to reflect and
refract the high frequency noise, the thermal acoustic shield is seen to yield
large PNL reductions on a nozzle which generates more high frequency noise.
Also note that, at the cutback case under study for the 32 chute suppressor,
the sideline distance does not have as much influence on PNL reductions as it
had for the unsuppressed plug nozzle (see Figure 4.1.3-6a). Unlike the
unsuppressed plug nozzle (Configuration TAS-1), the 32-chute suppressor
(TAS-6) has a significant amount of high frequency noise content even at 2400
ft. sideline distance. Thus, the high frequency noise reduction by the
thermal acoustic shield has a similar impact on PNL reductions at 370 ft.,
1000 ft. and 2400 ft. sideline distance.

4.1.3.3 Asymmetric Acoustic Characteristics of the Unsuppressed Annular Plug
and 32 Chute Suppressor Nozzles with the Partial Thermal Acoustic
Shield of 0.97" Thickness

Figure 4.1.3-7 shows the azimuthal variation in the PNL directivity of
configurations TAS-3 (annular plug) and TAS-8 (32 chute suppressor) at the
cutback condition. Both the configurations show noticeable azimuthal
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asymmetry in the aft quadrant. Configuration TAS-8 shows some azimuthal
variation in the front quadrant whereas TAS-3 shows negligible azimuthal
variation in the front quadrant. Figures 4.1.3-8, 4.1.3-9 and 4.1.3-10
respectively, compare the azimuthal variation in the spectral content at

ei = 60°, 90° and 140° of configurations TAS-3 and TAS-8. The spectral

data at ei = 60° and 90° shows that the presence of the partial shield
creates more azimuthal asymmetry for the 32 chute suppressor nozzle compared
to the unsuppressed annular plug nozzle, which is another indication that the
partial shield seems to modify the source characteristics to a greater extent
for the 32 chute suppressor nozzle than the unsuppressed annular plug nozzle.
The spectral data at ei = 140° indicates that the spectral asymmetry

(i.e., SPL differences at each 1/3 octave band) due to the partial shield in
the case of the unsuppressed annular plug nozzle are higher than the
corresponding spectral asymmetry in the case of the 32 chute suppressor
nozzle, which again implies lesser mixing of the jets in the case of the
unsuppressed annular plug nozzle compared to the 32 chute suppressor nozzle.
However, due to the reduced contribution of the high frequency noise to the
total noise for the unsuppressed annular plug nozzle, the noted higher
asymmetric spectral distribution of the unsuppressed annular plug nozzle with
the partial shield in the aft quadrant does not result in higher asymmetric
PNL directivity compared to the 32 chute suppressor nozzle with the same
partial shield (see Figures 4.1.3-7a and 4.1.3-7b).

4.2 LASER VELOCIMETER TEST RESULTS

The discussion of the laser velocimeter (LV) test results is grouped
under the following headings:

A. Plume characteristics of unsuppressed annular plug nozzle with
thermal acoustic shield under static and simulated flight
conditions; and

B. Plume characteristics of 32 chute suppressor nozzle with thermal

acoustic shield under static and simulated flight conditions.

The deployment of the laser velocimeter in measuring the mean and

turbulent velocity descriptions of the nozzles with the full and partial
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thermal acoustic shields has yielded valuable information on the relative
mixing characteristics of these nozzles. Certain salient results of these

measurements are discussed in this subsection.

Two (2) new features have been incorporated in the LV measurements to

enhance its diagnostic capability and they are:

A. A fine traverse along a line parallel to the plug surface to
detect and characterize plug shock cell structure and mean

velocity decay along the flow path (see Figure 4.2.1).

B. A point-by-point calculation and automatic plotting of the mean
velocity along a traverse (axial or radial or slant), to be
hence-forth called "Mini-Histograms". The particle sampling with
mini-histograms is just enough to give a good estimate (accuracy:
+ 5%) of the mean velocity. The advantage of mini-histograms
relative to the usual pen traverse is that the data shows less
scatter. However, a traverse with mini-histograms takes about 4-5
times the amount of time required for a pen traverse.

Figure 4.2.2 shows the comparison of the laser velocimeter
velocity measurements by the pen traverse and mini-histograms for
configuration TAS-4. A one-to-one correspondence of both the

methods is noted.
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Radial Velocity Profile of TAS-& (Annular Plug Nozzle with
= 3 As Measured by Pen Traverse and

Mini-Histograms Showing the One-to-One Correspondence of
Both Methods.




4.2.1 PLUME CHARACTERISTICS OF UNSUPPRESSED ANNULAR PLUG NOZZLE WITH THERMAL
ACOUSTIC SHIELD UNDER STATIC AND SIMULATED FLIGHT CONDITIONS

Figure 4.2.3 compares the mean and turbulent velocity variations along
the center line of configuration TAS-4 for static and simulated flight
conditions at takeoff. Due to the flow separation upstream of the plug tip,
the mean velocity reduces just downstream of the plug tip. The mean velocity
variation exhibits four (4) shock cells for both static and simulated flight
cases without any significant changes in the shock structure, thus indicating
that these shock cells are imbeddgd in the potential core of the jet and thus
are not noticeably affected by the simulated flight velocity. The mean
velocity decay for the static case is seen to be faster than the flight case
for X/Deq > 8, which can be attributed to the reduction in shear by the
ambient air when there is a simulated flight velocity. Note that the
simulated flight velocity has no significant effect on turbulence along the
center line for X/Deq < 6 (the potential core region). For X/Deq > 6,
the turbulent velocities for the static case are higher than the simulated
flight case reaffirming the reduction of shear stress by the simulated flight
velocity. Recall that turbulent shear stress is proportional to the square of
turbulent velocity.

Next, Figure 4.2.4 shows the mean velocity variation along a line
parallel to the plug surface beginning at the middle of the shielding jet (see
Figure 4.2.1 also). One distinctly notes the existence of the thermal
acoustic shield at a velocity ratio of = 0.6. As the slant traverse
progresses, the core jet appears and exhibits two (2) shocks. Note the steep
rise in velocity indicating no appreciable mixing of the TAS and core jets at
these locations. However, to diagnose the existence of the TAS, an axial
traverse beginning at the middle of the shield jet has to be studied. Figure
4.2.5 shows the axial velocity variation beginning at the middle of the TAS.
One observes that the TAS jet maintains its identity for about 1.4 Deq from
its exit plane. The non-zero mean velocity measured downstream corresponds to

the freejet velocity.

Figure 4.2.2 shows the radial mean velocity profile on configuration
TAS-4 at a normalized axial location (x/Deq) of =~ 3, which is slightly

147



‘uojyjpuoy jjoayel |edpdAL e 3y (PLalys d4ISNOdY |eudY) ,09€ Y3IIM 8|zzoN bnid
Juinuuy) p-SYL JO UOLINGL4IS}Q A31D0|aA ue3K 3uj] 423ud) a|zzoN uQ Y614 Jo dduaN|JUT ‘eg -z y 3yN9I4

cma\x ‘aue|d 31x3 I3 PLIIYS W04y dURIS|Q LeIXY PIzZ}|euioN

2l oL 8 9 v
T ) 4 T 14 v 6
uojjedoy djy bnid
) 12°0
66L°2] Le9L| 1002 | 10¥° L] 6291 | ¥bEL |vOL 2| O¥IL | 0222| OOF | OL¥ | 9 =
o
3
06L°2) S¥9L| 2002 [86€° L] L8IL | 29€L {169 2| €€9L | L12Z| O 60¥ | § =
N
o
Y4, sdy ] sdy 7] sdy | sdy |qupoq| # i 490 &
..m hh ..g ohh. ._a mh NEL aun|d P =
xpw I L xquh | s 9| s psh | ¢ £ y AfIsal] z I 5
(Aluo _u} g2°§2 30 ®aay 330 a40) uQ paseq) =
¢ sayou} £9°G = 09 o 2
/ 3
{90 g
243035 ‘600 Julod 3S3L m_
3
~~_ =
=~ ~ o .. QcO
“0°1

aje

(sds oop = A) 4614 ‘oL Jupod 3s3)

148




"UOLIIPUO) Jj03xe) |edLdAL B 3y (PL3IYS D1ISNODY |RWMAYL o09E YIIM 3l2ZoN Bnid Jejnuuy)
$-SVL 30 uopINquIS|Q A3}00|dA JuUI|NQGUN) U} |433ud) 312ZON uQ Y614 JO aduanjuy *q9€°2 4 IWN9I4

cmn\x ‘aue|d 34X3 I3C PLILYS WO44 IdURIS|Q |RIXY PIz||euUON

9l ol 2l o1 8 9 b 2 + 0
r T ) ’ . M JE—
dll 9n1d 390 9407 e
130 PLaYS T~
{1se°0 Mw
_ 0] &
(sd3 ooy = °/°a) 34414 =
‘Olp Juj04 353 a
-
10t°0 §
g
®
, >
/ 2
/ 1s1°0 &
O<_ ' 4
// [} hd
~ o / =
/// ' ~
102°0 X
313035 “60p Iul04 3S3Y
(ALuo uy g2°52 J0 waay 3ap |50

340) uo paseg) saydu} £9°G = bY o

149




*330 340D 3yl JO 34n3dNJIS |13J ¥I0YS puy MOL4 33

Bulpiaiys 243SN0OY Leuway)l ay3 Bujmoys adsegans Bnid ayy of (3||eJed UOLIR}JRA A3{D0|3A URBN ‘4 Z'h 3YNDI4

b3/ ‘aueid 34%3 390 P(3LYS wouy Bnid Buoje 2DURYS|] JURLS PAZ}|RULION

5'¢ 0°2 61 0° S°0 0
v L] v T v v
uojjedoq dyy bnid
2’0
(ALuo Huy 140
82°GZ 40 eaJdy 33 340) uo 130 PLIINS
paseg) saydup [9°G = °°0 e
sdy 0oy = /A “3464Ls o
Oly Juj0d 3saL @ {90
9§ aunid A7 ©
34N3ONUAIS | 3] FI0YS
18°0
/l'/’
“0°1l

x;wA(A €A3120|3p uRdy Ppaz}|eUWJION

150




"aue|d 34X3 SYL Ayl wodg P2Q p°| = a04 3ap Bupprapys oyl
40 90U33Is|x3 ayl bupledjpul PLAYS I1ISNODY |BWIBYL BYL JO UO}IR|ARA A3}D0|BA URSN (BIXY G z'y JuN9I4

” P20/x *aueld 31x3 330 PLatus wouy 3dueIS|q LeiXy Pazy ey
8 L 9 S v € 2 | 0

uojpjeso dy) 6nid I\\

o~
)
o

(ALuo juy
82°G2 30 vady I3 340) uo {¥0
paseg) saydu| /9°G = D3g o
sdy oap = /A 3ubpLy o
OLp 3ul0d 3saL
9f aunig A7 o

°
o

X[.I.IIA/A ¢A3100 3\ uedy Paz||euULION

MOLJ PLaIYS D}ISNOJY |emJay)

&

151



downstream of the plug. Note the excellent symmetry of the velocity profile
indicating an excellent geometric centering of the nozzle. The dip in the
velocity near the jet axis is due to the flow separation zone existing down-
stream of the plug. The velocity for large values of radius reaches the
simulated flight velocity of 400 fps.

Next, the plume characteristics of the unsuppressed annular plug nozzle
in the presence of a partial shield of 0.48" thickness (i.e., configu-
ration TAS-2) are discussed. The aerodynamic conditions of the measured

plumes correspond to typical takeoff and cutback conditions.

Figure 4.2.6 shows the axial variation of mean and turbulent velocities
along the nozzle centerline, on the shield and opposite to the shield sides
for a typical cutback case in flight. One notes an asymmetric variation of
the mean and turbulent velocities on the shield and the opposite shield side.
The mean velocity decay rate and the turbulent velocity on the shield side are
seen to be lower compared to the opposite shield side, which can be attributed
to the reduction of shear stress by the shield. The core nozzle center line
mean velocity increases just downstream of the plug tip and remains constant,
indicating the existance of the potential core for about ten (10) equivalent
diameters based on core jet area only. The turbulent velocity along the
nozzle center line remains at about 7% reaffirming the existance of the

potential core.

Figure 4.2.7 compares the axial mean velocity variation at radial
locations corresponding to the middle of the core jet on the shield side and
opposite to the shield side at a cutback case in simulated flight. The
existance of the shield at about X/Deq =~ 2 and the slower decay on the

shield side are clearly noticeable.

Figure 4.2.8 shows the radial variation of mean and turbulent
velocities at X/Deq =~ 4. One notices asymmetric mean and turbulent
velocity variations on either side. Also, note that the turbulent velocity
reaches a peak at R/Rt =~ 0.5, where the mean velocity gradient is the
steepest and also is the shear layer region. Within the jet core (i.e.,

R/R < 0.3) one notes a low level of turbulence.
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Figure 4.2.9 shows the axial variation of mean and turbulent velocities
along the nozzle center line, on the shield and opposite to the shield sides
for a typical takeoff case in flight. The normalized mean and turbulent
velocity profiles for the takeoff and cutback cases in flight are similar
(cf., Figures 4.2.6 and 4.2.9).

Figure 4.2.10 compares the axial mean velocity distribution at radial
locations corresponding to the middle of the core jet on the shield and
opposite to the shield sides at a typical takeoff case in flight. Unlike the
cutback case, one does not note a clear indication of the presence of the

shield. However, the mean velocity decay rates are different.

Figure 4.2.11 compares the mean velocity variation along a streamline
parallel to the plug surface (utilizing the recently developed slant traverse
mechanism) for typical takeoff and cutback cases in flight. Due to the higher
core pressure ratio for the takeoff case, one notices the presence of two (2)

shock cells.

4.2.2 PLUME CHARACTERISTICS OF 32 CHUTE SUPPRESSOR NOZZLE WITH THERMAL
ACOUSTIC SHIELD UNDER STATIC AND SIMULATED FLIGHT CONDITIONS

Plume characteristics of the 32 chute suppressor nozzle with 360°
shield of 0.48" thickness (i.e., configuration TAS-9) and with 180° shield of

0.97" thickness (i.e., configuration TAS-8) at a typical takeoff cycle are
discussed in this subsection.

Figures 4.2.12 compares the axial plume decay and turbulent velocity
distributions of the 32-chute suppressor with 180° and 360° shields for a
typical takeoff case in simulated flight. One notes that at mid shield radial
location, the 180° shield has higher mean velocities than the 360° shield for
x/Deq < 6. The 180° shield has a thickness of 0.97" whereas the 360°
shield has a thickness of 0.48". The thicker partial shield has reduced the
mean velocity decay for x/Deq < 6. However, for x/Deq > 6, the mean
velocity decay for the 180° shield is seen to be faster than the full 360°
shield. The mean velocity distribution along the core nozzle center line is

not significantly different for the 360° and 180° shields implying that the
shields do not significantly influence the core nozzle center line mean
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velocities. The turbulent velocities for the partial shield are larger than
those of the full shield at a mid-shield location for X/Deq > 3. The
turbulent velocities along the core nozzle centerline for the partial shield
are larger than those of the full shield for X/Deq < 5, thus indicating

that the suppressor jet flow with partial shield is more turbulent than with
the full shield.

Figure 4.2.13 shows the asymmetric axial mean and turbulent velocity
distributions due to the partial shield on the 32-chute suppressor for a
takeoff case in simulated flight. The mean velocity on the shield side is
seen to be higher than the opposite shield side for X/Deq > 3. The high
values of turbulent velocities in the plug region (i.e., X/Deq < 3) are

due to the highly turbulent flow issuing out of the chutes.

Figure 4.2.14 shows the influence of simulated flight velocity on the
plume decay and turbulent velocity distribution of the 32-chute suppressor
with 180° shield. Note that the influence of the simulated flight velocity is
to reduce the plume decay rate and the turbulent velocities. The influence of
simulated flight velocity on the mean velocity at mid-shield location occurs
when K/Deq > 4. Along the core nozzle centerline, it occurs at X/Deq
> 6.5 indicating the reduced shearing influence of the simulated flight
velocity at the nozzle centerline. The turbulent velocities with simulated
forward flight velocity are seen to be lower at both mid-shield and core
nozzle centerline which could be attributed to the streamlining of the jet

flow by the simulated forward flight velocity.

Figure 4.2.15 similarly shows the influence of simulated flight
velocity on the plume decay and turbulent velocity distribution of the
32-chute suppressor with 360° shield. As in the case of the partial shield
(see Figure 4.2.14) the simulated flight velocity has reduced the plume decay

rate and smoothed the jet flow for the full shield case also.
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4.3 AERODYNAMIC CALIBRATION AND DIAGNOSTIC TEST RESULTS

The discussion of the aerodynamic calibration and diagnostic test

results is grouped under the following headings:

A. Stagnation pressure calibration of full and partial thermal

acoustic shield streams;

B. Measured and predicted pressure field interactions of core and

shield streams; and

C. Influence of the thermal acoustic shields on the base drag of the
32 chute suppressor nozzle under heated, simulated flight and

static conditions.

4,3,1 STAGNATION PRESSURE CALIBRATION OF FULL AND PARTIAL THERMAL ACOUSTIC
SHIELD STREAMS

As noted in Subsection 3.2.3, aerodynamic calibration of the thermal
acoustic shield exit plane with respect to the upstream test facility charging
station was conducted on the 360° shield of 0.48" thickness of configuration
TAS~4 (see Table 3-XXII) and on the 180° shield of 0.48" thickness of
configuration TAS-2 (see Table 3-XXI).

The total pressure calibration results of the 360° shield of 0.48"
thickness on configuration TAS-4 are summarized in Figure 4.3.1 wherein the
(PT/Pamb) data as measured by three (3) total pressure rakes located at
the exit of the thermal acoustic shield are plotted versus (PT/Pamb) data
measured by the facility rakes that are located upstream of the exit. The
data include the series of measurements taken with the total temperature of
the shield jet at 550°R and 1730°R. From the measured data, the percent loss

in total pressure of the shield flow relative to facility~rake measured data

(PTRak% )
am x 100

T Facility
(PT ///%amb)

is calculated as:

(4.3.1)
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Figure 4.3.1 contains the calibration data as well as the percent loss
in total pressure. The following conclusions may be drawn from these

measurements:

A. The associated loss in total pressure of the 360° shield jet is
within 1% and, hence, facility measured total pressures have been
employed to set the necessary aerodynamic conditions on the 360°

shield stream; and

B. The total temperature of the stream has no noticeable effect on

these measurements.

As there is no flow turning with 360° shield as compared to 180°
shield, no significant pressure loss is anticipated. The total pressure
measurements on the 360° shield serves as the baseline case to measure PT
losses of 180° shield.

Next, results of the flow calibration tests conducted on the 180°
shield of 0.48" thickness of configuration TAS-2 are discussed. Total
pressure data measured by each of the three rakes located at different
azimuthal locations in the shield jet stream at shield total temperatures of
550°R and 1730°R respectively are presented in Figures 4.3.2 and 4.3.3. The
total pressure at each of the rakes was obtained from an area weighted average
of the measurements taken by the four (4) elements of that rake. For each of
the test cases, the corresponding total pressure data obtained from the
facility rakes that are mounted upstream, before the annular flow is turned
through the 180° partial shield are indicated also in the figures. An
examination of the figures indicates that the total pressure at the shield
exit is uniform over most of the mid-regions of the partial shield and
approximately equal to the upstream~facility measured data. However, there

exists a loss in total pressure at the extremities of the 180° shield.

To determine the effect of the above observed angular dependence of the
total pressure at the shield exit, a representative average value of the total
pressure was calculated from the individual rake readings. For this
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Figure 4.3.3.

Azimuthal Angle (¢), degrees

Azimuthal Variation of Pressure Ratio Measured by the Pp Rakes at
the Shield Exit Plane - Indicating The Loss in Total Pressure
Near the Edges of the Shield Jet.
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calculation, the shield exit area was suitably distributed into five segments

as shown in the sketch below:

@ = 67.5° ¢ = 112.5°

APPLICABLE
Rake C RAKE SEGMENT
= o
at ¢ = 90 A I endV
Rake B 45° B I1 and IV
at @ = 45° [+ 11
47.5° 47.8°
o -
= 20 ‘ - 160¢
Rake A
at ¢ = 10"20. 20.
= o° _*_

180° Partial
Shield

and, for a given test point, each of the three rake measurements was assumed
to be a representative average total pressure that is applicable to one of
these segments. An area weighted average total pressure at the shield exit

was calculated next, using the following expression:

Rake Rake A Rake B Rake C
Py 1 | 2x20xPp + 2x47+5xPp + 45xPr (4.3.2)
P 180 P
amb amb
0.222 P24 4 + 0,528 paek® B4 0,250 pake ©
Pamb

The PT calibration data so calculated for shield temperatures of TTSJu 550°R
and 1730°R are presented in Figure 4.3.4 and are plotted as a function of the
facility measured (PT/Pamb) data. An examination of this figure

indicates: 1) no significant effect of the shield temperature on the total
pressure measurements; and 2) the calibration data is linear on a line close
to 45° slope. In addition, the associated percent loss, APT (see Equation
4.3.1), in shield exit total pressure relative to the facility-measured
upstream PT (also presented in Figure 4.3.4) is observed to be in the
vicinity of 1%. Based on these calibration data, the facility measured PT
has been employed to set the required aerodynamic conditions of the 180°

thermal acoustic shield streams during the acoustic tests.

4.3.2 MEASURED AND PREDICTED PRESSURE FIELD INTERACTIONS OF CORE AND SHIELD
STREAMS

For aerodynamic flowpath development for the shield, the General

Electric Stream Tube Curvature (S.T.C.) aerodynamic analysis program has been
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0.48~in. Thickness (TAS-2) at 550° R and 1730° R.
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utilized (Reference 4.5). 8.T.C. predicts the inviscid pressure distribution
and flowfield about or inside an arbitrary axisymmetric or planar ducted body
at transonic speeds. This prediction technique provides means for conducting
parametric studies so that design criteria can be analytically evaluated to

select configurations for experimental investigation.

The S.T.C. program solves equations of fluid motion along streamlines,
y= constant, and along lines orthogonal to the streamlines, § = constant
lines. The variable ¥ is introduced to avoid conflict with the velocity
potential ¢ which is only valid when the flow is irrotational. Thus, this

enables STC to solve rotatioal flow problems.

S8.T.C. is, therefore, capable of handling complexities that arise when
two coincident streamlines with different velocities and stagnation properties

converge. A good example is the thermal acoustic shield problem.

8.T.C. anslysis of a shield configuration with coplanar shield and core
nozzle exit planes indicated the presence of an adverse pressure gradient
generated on the shield inner flowpath near its exit plane. The local
overpressurization thus lowered the pressure drop across the duct and reduced
the mass flow, thus degrading the shield discharge coefficient. Figures 4.3.5
and 4.3.6 show the S.T.C. flowfield solution as a graphic representation of
the streamlines and variation of static pressure throughout the flowfield,
respectively. The overpressure phenomenon at the shield exit plane is the
result of communication between the higher static pressure region at the
choked convergent core nozzle exit and the subsonic flowfield of the shield
duct.

Subsequent 8.T.C. modeling of a setback shield nozzle indicated no
overpressurization in the shield throat plane region. Examples of this
flowfield solution are shown in Figures 4.3.7 and 4.3.8. The setback shield

nozzle was thus selected for the final model design.
As an illustration of the validity of the 8.T.C. predictions, a
one-to-one comparison of the static pressure distribution on the plug surface

of configuration TAS-1 is presented next. Figure 4.3.9 shows good agreement
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between the predictions by the S.T.C. program and the measured static pressure
distribution on the plug surface of configuration TAS-1 at a typical takeoff
condition. The plug surface static pressure just downstream of the throat
plane falls below the ambient pressure which indicates flow expansion around
the crown of the plug. A rise above the ambient pressure further downstream

indicates the presence of a shock.

Next, the measured interactions between the core and shield streams are
discussed., Static pressure data were measured on the sleeves of the 180°
shield of 0.48" thickness and the 360" shield of 0.48" thickness between the
core and shield jet exit planes. Figures 4.3.10 and 4.3.11 respectively show
the static pressure distribution in the vicinity of the shield exit for a
supersonic core jet for configurations TAS-2 and TAS-4. For both the
configurations, a static pressure rise in the shield jet flow is noted close
to the core jet exhaust, confirming the predictions of the S.T.C. program.
This overpressurization in the shield jet is not expected to affect the flow
rates since the shield jet in each of the test cases is fully expanded

upstream of the overpressurization location.

Static pressure data were measured on the sleeve of the 180° shield
of 0.48" ?hickness for a range of shield conditions (viz., TTsj ~ 1730°R and
115 < pr>d < 1.9) keeping the core jet subsonic in order to pinpoint the
cause of the overpressurization noted above. Figure 4.3.12 shows that the
static pressure continues to expand below the ambient pressure when the core
jet is subsonic indicating that the overpressurization of the shield flow was
due to the static pressure feedback from the supersonic core jet to the
subsonic shield jet. An interesting feature in the case of the subsonic core
jet is that the static pressure of the shield jet falls below ambient
pressure, instead of remaining uniformly at ambient pressure level. A
physical explanation for the above noted observation can be given by examining
the static pressure distribution on the plug surface of configuration TAS-1
for a subsonic flow condition (see Figure 4.3.13). The static pressure just
past the crown of the plug (i.e., the throat plane) falls below the ambient
condition for the subsonic core jet due to rapid acceleration of the flow

around the plug crown and then monotonically reaches the ambient level for
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X/Deq v 0.2, The influence of the subambient pressure region near the
crown of the plug can be felt upstream of the core and shield jet flows as
both are subsonic flows, and this leads to the noted expansion of the shield

jet below the ambient pressure,

4.3.3 INFLUENCE OF THERMAL ACOUSTIC SHIELDS ON THE BASE DRAG OF 32 CHUTE
SUPPRESSOR NOZZLE UNDER HEATED, SIMULATED FLIGHT AND STATIC CONDITIONS

One of the significant considerations in employing a thermal acoustic
shield flow on a mechanical suppressor nozzle with chutes is the increase in
base drag of the suppressor due to the presence of a shield flow over the
chutes. The presence of a flow over the chutes reduces ventilation in the
base region of the chutes, leading to a reduction in base pressure and
consequent increase in the base drag. In order to evaluate the influence of
the thermal acoustic shield on the base drag of the 32 chute suppressor,
static pressure measurements were made in the chgte base region during the
engine operating line studies of configurations TAS-6, TAS~7, TAS-8 and TAS-9,
for both static and simulated flight conditions. This subsection briefly
describes the method of estimating the percent thrust loss due to base drag

and discusses the salient results obtained from the base pressure measurements.

Figure 4.3.14 shows the location of static pressure instrumentation in
the chute region of the 32 chute suppressor nozzle and other pertinent
dimensions. Each of the static pressure taps has an area associated with it
over which the static pressure is assumed to be constant. An area-weighted

average chute base pressure is determined by the following equation:

(4.3.3)

where N€ is the total number of elements within the chute
Ai is the elemental area and
Pi is the static pressure over the ith element.
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5
{
Chute Depth = 1.0"
4\
T 15° f.
1 x Sin 15° Re 3.28"
= 0.259"
R = 3.28 + 0.259
= 3,539"
4.
0.5 —> Ps Tap # Radius,
Inch
* 27 27 5.134
5.0155 25 4.897
R=5 3 * 28 29 L.648
} 4.7725 30 4.417
* 29 31 4.19)
L4.5325 32 3.983
X 30 33 3.764
, h.304 34 3.539
x 31
0.5 Inch h.087
| " k X 32
3.8735
f 33
3.6515
:r - 3“|-e-o.zb"
R = 3,539"
FIGURE 4.3.14. SKETCH SHOWING THE LOCATION OF STATIC PRESSURE TAPS

ON A CHUTE OF THE 32 CHUTE SUPPRESSOR NOZZLE.
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The base drag per chute is given by:

=, €
Fd (Pamb _P)A (4.3.4)

NE
where A® = 1, Ag

i=1
The total base drag is given by:

FD = NFd (4.3.5)
where N is the number of chutes.
The ideal thrust of the suppressor is given by:

Fg = WgVg/g (4.3.6)

where

WS is the weight flow rate of the suppressor, Vs is the ideally
expanded jet velocity of the suppressor, and g is the gravitational constant.

Hence, the percent thrust loss coefficient due to chute base drag is:

F

=D
6Coos F_ X 100 (4.3.7)

For the configurations TAS-7 and TAS-8 which employ partial shields,
the base pressure measurements are made on the shield side. The base
pressures on the side without the shield are assumed to«be the same as in
Configuration TAS-6. Hence, the total base drag for configuration TAS-7 is

calculated as:

- e e
(Fplpps-7 = 16 [Pamb - (P)r:.s—Ji A"+ 16 [Pamb (¢ )ms—7] A

. (4.3.8)
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where (F) is the area weighted static pressure for configuration TAS-6

and (P)pyg_y
measured on the shield side. Similiarly, the base pressure for configuration

TAS-6
is the area weighted static pressure for configuration TAS-7,

TAS-8 18 calculated as:

_ o _ . N
(Fp)pygg = 16 [Pamb - (P)TAs—s] A"+ 16 [Pamb - (P)TAS-S] A (4=3-9)

where (F)TAS—S is the area weighted static pressure for configuration TAS-8,

measured on the shield side.

Figures 4.3.15 and 4.3.16 respectively show the radial variation of
normalized chute base pressure for 32 chute suppressor nozzle (configuration
TAS-6) and 32 chute suppressor nozzle with 360° shield of 0.48" thickness
(configuration TAS-9) over a range of core jet pressure ratios typical of an
engine operating line. The influence of simulated flight for both the
configurations can be seen to be a reduction of base pressures compared to the
static case, due to the reduced penetration of the chute by the ambient air.
This results in lesser chute ventilation and hence larger base drag. Note
that for the same core jet condition, the influence of the thermal acoustic
shield has been to reduce the base pressure which again can be attributed to
the reduction of the ventilation of the chutes when there is a flow over the
chutes. It should also be pointed out that the simulated flight velocity
reduces the base pressure of the 32 chute suppressor alone to a larger extent
compared to the 32 chute suppressor with a shield, since the chutes with a
shield are to some extent insulated, from the simulated flight velocity by the

thermal acoustic shield flow.

Figure 4.3.17 shows the variation of ACFGS with suppressor pressure
ratio for the 32 chute suppressor (configuration TAS-6) for static and
simulated flight cases. Since the chute base pressure radial distribution 1is
not significantly influenced by the suppressor pressure ratio (see Figure
4,3.15) and since the ideal thrust of suppressor increases with pressure

ratio, i{s found to decrease with an increase in the suppressor

8Cpgs
pressure ratio. Also, note that the base drag coefficient increases when

there is a simulated flight velocity. Figures 4.3.18, 4.3.19 and 4.3.20
similarly show the variation of ACFGS with the suppressor pressure ratio

for configurations TAS-7, TAS-8 and TAS-9, resp=ctively.
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Figures 4.3.21 and 4.3.22 compare the ACFGS variation with
suppressor pressure ratio for configurations TAS-6, TAS-7, TAS-8 and TAS-9 for
static and simulated flight conditions, respectively. Note that the chute
base drag in the presence of 180° or 360° shields increases for both static
and simulated flight cases, since the presence of the shield flow over the
chutes reduces ventilation of the chutes. However, the relative increase in
chute base drag due to the shield for simulated flight cases is smaller than
the static case since, in simulated flight, configuration TAS-6 also suffers
from reduced ventilation as do configurations TAS-7, TAS-8 and TAS-9. 1In the
case of configuration TAS-9, the increase in chute base drag due to simulated
flight is less than 1% indicating that the simulated flight velocity has no
significant effect on the ventilation of the chutes in the presence of the
360" shield (see Figure 4,3.20). In the case of configuration TAS-6, the
simulated flight velocity has a significant effect in reducing ventilation and
results in a substantial increase in the chute base drag (see Figure 4.3.17).
In the case of configuration TAS-7, since half of the 32 chutes are simulated
by the shield, the Acrcs variation for configuration TAS-7 seems to be an

average of the AC variation of configurations TAS-6 and TAS-9 (see

Figures 4.3.21 an§G§.3.22). Also, note that the chute base drag is not
sensitive to the shield thickness (i.e., compare configurations TAS-7 and
TAS-8 in Figures 4.3.21 and 4.3.22) for both static and simulated flight
cases. This indicates that the reduction in ventilation of the chutes by the
0.97" thick 180° shield is not significantly more than that of the 180° shield

0.48" thick.

Thus, in summary, the thermal acoustic shields noticeably increase the
chute base drag of the 32 chute suppressor for both the static and simulated

flight cases.

4,3.4 AERODYNAMIC AND ACOUSTIC PERFORMANCE EVALUATION OF THE THERMAL ACOUSTIC
SHIELD ON THE 32 CHUTE SUPPRESSOR NOZZLE
An aerodynamic performance and acoustic evaluation of the thermal
acoustic shield on the 32-chute suppressor is included in this subsection.
One of the methods for the implementation of the thermal acoustic shield is to
extract the shield flow from the core jet flow and throttle it through a choke

plate system to obtain a desired shield-to-core jet velocity ratio. One of
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the chief concerns of such a throttling device is the associated thrust loss.
A combined analysis of the acoustic data and the thrust loss estimates of a
choke plate system has yielded valuable insight into a method of improving the
aerodynamic performance while maintaining the acoustic benefit of the thermal

acoustic shield device.

Figure 4.3.23 shows the measured variation of the peak perceived noise
levels (normalized for jet density and thrust) with respect to shield-to-core
jet velocity ratios (Vr) for the 32-chute suppressor with 180° shield of
0.97" thickness. During these parametric studies, the core jet conditions
were maintained at typical take-off cycle and cutback cycle. Different
shield-to-core jet velocity ratios were obtained by independently varying the
shield conditions. It is noted from the figure that the peak PNL, normalized
for thrust and jet density, does not vary significantly with shield-to-core
jet velocity ratios for 0.5 < Vr < 0.8 for both takeoff and cutback
cycle conditions. Next, Figures 4.3.24 and 4.3.25 show the PNL directivities
and spectral content of a reference conic nozzle (Reference 4.6) and the
32-chute suppressor with 180° shield of 0.97" thickness at two velocity ratios
for the takeoff and cutback cycles, respectively. The data for the reference
conic nozzle is included to yield an estimate of the total noise benefit that
can be obtained relative to a conic nozzle by employing a mechanical
suppressor with a partial thermal acoustic shield. It is noted that the
shield-to-core jet velocity ratio variation, at both takeoff and cutback
cycles, does not have a noticeable influence on PNL directivities and spectra
of the 32-chute suppressor with the 180° shield of 0.97" thickness. Due to
the relatively small area ratios (defined as Asj/Aj) employed in the
thermal acoustic shield nozzles (as compared to a typical commercial high
bypass turbofan engine such as the CF6-50 engine), the momentum flux of the
shield flow is small compared to that of the core flow. The velocity ratio
between the two streems essentially determines the velocity gradient.
However, the magnitude of the turbulent shear stress is determined by the
differences in the momentum fluxes between the two streams. For small values
of area ratio, the shield stream is not able to significantly alter the mixing
characteristics of the core stream by virtue of its low momentum flux. Hence,
the velocity ratio does not significantly influence the jet mixing and
associated acoustic characteristics. Gliebe and Balsa have done extensive
data-theory comparisons of dual flow exhaust nozzles and have presented the
influence of velocity ratio on the acoustic behavior of dual flow exhaust
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nozzles at different outer-to-inner area ratios (see References 4.7 and 4.8).
Both the data and theory in their work indicate clearly that as the
outer-to-inner area ratio decreases, the influences of outer-to-inner velocity
ratio on the OASPL directivity and spectral content decreases. The acoustic
data of the 32-chute suppressor with 180° T.A.S. of 0.97" thickness that is

presented in this report confirms the above observations.

Next, the thrust loss due to throttling of the core stream to obtain
the shield flow is evaluated. Let ﬁJ and QSJ be the weight flow rates
through the core jet and shield jet, respectively. The corresponding core jet
and shield jet velocities are VJ and VSJ. The total ideal gross thrust

that will result is given by:

F) . w4+ wsiy® (4.3.10)
- 4
where g is the gravitational constant. If no throttling was performed, the

weight flow through the shield jet would be discharged at a velocity of VJ

rather than VSJ, in which case the total gross thrust will be given by:

F, _ w4 wsd) v (4.3.11)
g

Hence, the thrust loss coefficient due to throttling can be given by:

Fb,-F (4.3.12)

¥,

AFThrottl’mg =

Defining shield bypass ratio as:

) wd (4.3.13)
wed 4l

and shield-to-core velocity ratio as:

B

v =y (4.3.14)
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equation (4.3.12) can be rewritten as:

OF  prottling - B [T - Vil (4.3.15)

Thrust loss calculations due to throttling have been performed using
the above expressions for the 32-chute suppressor with 180° T.A.S. of 0.48"
(TAS-7) and 0.97" thickness (TAS-8) with the core maintained at a typical
takeoff cycle. Figure 4.3-16 shows the variation of the thrust coefficient,
CFG, with the shield bypass ratio, B8, for a range of shield-to-core velocity
ratios, Vr, for both TAS-7 and TAS-8 configurations. The thrust coefficient
for the 32-chute suppressor, by itself, is measured to be = 0.94 for the
takeoff cycle, under simulated flight conditions (see Reference 4.9). The
presence of the thermal acoustic shield over the chutes reduces ventilation
and hence increases the chute base drag. The chute base drag measurements
presented in Section 4.3.3 indicate that the 180° shield of 0.97" and 0.48"
thickness exhibited an extra 1.25% thrust loss due to chute base drag compared
to an unshielded 32-chute suppressor at a takeoff cycle in simulated flight.
The above information has been utilized in the evaluation of the thrust

coefficient of the 32-chute suppressor with the partial shields.

In Figure 4.3.26, lines of constant Vr and lines of constant
shield-to-core flow area ratios are shown. Along a Vr = constant line, the
shield flow area increases as the shield bypass ratio B increases. Along a
8 = constant line, the shield flow area decreases as Vr increases to
satisfy continuity. The lines of constant shield-to-core flow area ratios are
essentially parabolas with minima in the neighborhood of Vr ~ 0.4-0.5.

One notices that a significant aerodynamic performance improvement in terms of
increased thrust coefficient, CFG, can be obtained by employing higher shield

to core jet velocity ratios for a fixed Asj/Aj ratio.
Thus, in summary, higher shield-to-core jet velocity ratios are shown

to decrease the thrust loss due to throttling while maintaining the acoustic
benefit of the thermal acoustic shield.
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5.0 THEORETICAL AEROACOUSTIC PREDICTION METHOD FOR THERMAL ACOUSTIC SHIELDS

5.1 BACKGROUND

The aeroacoustic prediction methodology selected for the theoretical
modeling of thermal acoustic shields is the General Electric's Mani*Gliebe¥*

Balsa (M*G*B) model (see Reference 5.1 for complete details).

This is a unified aerodynamic/acoustic prediction technique for
assessing the noise characteristics of arbitrary shaped nozzles. The
technique utilizes an extension of Reichardt's method to provide predictions
of the jet plume field (velocity, temperature and turbulence intensity distri-
butions). The turbulent fluctuations produced in the mixing regions of the
jet are assumed to be the primary source of noise generation, as in the
classical theories of jet noise., The alteration of the generated noise by the
jet plume itself as it propagates through the jet to the far-field observer
(sound/flow interaction or fluid shielding) is modelled utilizing the

high-frequency shielding theory based on Lilley's equation.

These basic modelling elements (flow field prediction, turbulent mixing
noise generation, and sound/flow interaction) have been coupled together in a
discrete volume-element formulation. The jet plume is divided into elemental
volumes, each roughly the size of a representative turbulence correlation
volume appropriate to that particular location in the plume. Each volume
element is assigned its own characteristic frequency, spectrum, and acoustic
intensity. The sound/flow interaction effects for each volume element are
evaluated from the flow environment of the element. The individual volume
elements are assumed to be uncorrelated with each other, so that the total
contribution to the far-field is simply the sum of the individual volume

element contributions.

The M*G*B model described in Reference 5.1 predicts the flow field and
turbulent mixing noise generation for arbitrary nozzle shapes and azimuthally
averages the flow field and noise source characteristics to predict the
far-field noise distribution. 1In the case of partial thermal acoustic shield
surrounding the unsuppressed annular plug nozzle, the measured acoustic and

flow field data (see Sections 4.1 and 4.2) have shown azimuthally asymmetric
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characteristics, an anticipated feature. Hence, it was necessary to modify
the M*G*B model to reflect the asymmetric flow field and acoustic features of

the partial thermal acoustic shield.

The following two (2) methodologies were developed to predict the

acoustic characteristics of axially asymmetric thermal acoustic shields:

I. An analytical model for the acoustic field of a quadropole
convecting above a planar (i.e., two-dimensional) thermal acoustic

shield of finite thickness;

II. Analytical/computational modifications of the M*G*B method for

partial thermal acoustic shields.

The principal output of the first methodology is a closed form
analytical evaluation of the influence of certain key parameters on the
acoustic characteristics of a thermal acoustic shield. The principal output
of the second methodology is the prediction of the azimuthally varying
acoustic characteristics of the partial thermal acoustic shield and some
selective data-theory comparisons. Details of the above two (2) methodologies

are discussed in the following section.

5.2 METHODOLOGIES FOR AXTALLY ASYMMETRIC THERMAL ACOUSTIC SHIELDS

5.2.1 A THEORY FOR PLANAR (2-D) THERMAL ACOUSTIC SHIELDS

5.2.1.1 Introduction

About ten years ago it was realized, primarily through the work of

. (5.2) .(5.3) (5.4) .
Lilley , Mani , and Tester that the mean velocity and
temperature of a jet have significant impact on the sound field radiated by
the convecting turbulence in the jet. As a result of this and other work, it
became obvious that the fluid shielding afforded by the mean flow can be used
to suppress the noise of jets. Considerable experimental activity along these
directions has taken place, for example, in the area of noise generated by

dual flow jets with "inverted” velocity and temperature profiles. Here the
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high velocity and temperature outer flow does indeed provide an effective
shielding of the noise sources, although there may be other mechanisms that

are partly responsible for the overall noise reduction.

In all of the early theoretical work, the shielding of an axial source
by an axially symmetric mean flow was investigated (Reference 5.5). Later

(5.6)

Balsa examined the acoustic field of a convecting point quadrupole at

an arbitrary location in a round jet, however, as recently pointed out by
Goldstein(s'7). this analysis is strictly valid only when the source is not
too far from the axis of the jet. Balsa found, roughly speaking, that the
amount of acoustic shielding in the zone of silence is proportional (in dB) to
(f8/c_) where f is the source frequency, c_ is the speed of sound at

infinity and & is an effective distance which characterizes how far the

source is embedded in the jet. Note that here we are using the term "acoustic
shielding"” (or fluid shielding) in a technical sense as it describes the
behavior of the sound field in the classical cone of silence.

More recently, Goldstein(5'7) used a high frequency theory to
investigate the radiation field of sources in arbitrary parallel shear flows;
for the first time the assumption of axial symmetry of the mean flow is
completely relaxed. His analysis, in the present form, describes the sound
field outside the cone of silence and there is speculation that this work
could be extended into the cone of silence. Goldstein's work clearly shows
how the acoustic field becomes increasingly distorted as the observer
approaches the cone of silence and how the radiation from the acoustic sources

is reflected upward by the thermal acoustic shield.

In order to understand how a typical thermal acoustic shield affects
the radiation field of a primary jet at all emission angles, a model problem
is solved in this section. The shielding jet is assumed to be planar with
velocity and temperature profiles depending only on the vertical transverse
coordinate (Figure 5.1). The solution of this problem, together with the
axially symmetric cases and Goldstein's results, can provide semi-

quantitative information on the effects of thermal acoustic shields.
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5.2.1.2 The Lilley Equation for Arbitrary Parallel Shear Flows

The original form of the Lilley equation is given for axially symmetric
mean flows which occur in round jets (Reference 5.2). The purpose of this
section is to generalize the Lilley equation for arbitrary parallel shear'
flows in order to provide a new interpretation and a systematic derivation.
The derivation itself was suggested, in the absence of heat addition, by M.E.

Goldstein of the NASA Lewis Research Center (private communication).

Under the generally accepted assumption that viscous and thermal
dissipation are unimportant in the generation and propagation of sound through

a turbulent jet, the starting point for our derivation is the Euler equations

_ﬁ +clpv . g-= %Q (5.1a)
v

%24.9 Vg_=-§2 ' (5.1b)

=0 (5.1¢)

p=p (p, S) = Const pK exp. (S/Cv) (5.14)

where p, p, S, g are the fluid pressure, density, entropy and velocity
respectively, ¢ = [(ap/ap)slll2 is the speed of sound in the fluid and
D/DT = 3/3t + q@ . V is the convective derivative. Time is denoted by t
and the gradient operator by V = 3/3X where X = (x, y, z) are Cartesian

space coordinates (Figure 5.1).

The fluid is assumed to consist of a single gas obeying thermally and
calorically perfect equations of state. Thus, the specific heat capacity at
constant volume, Cv, and the ratio of specific heats, K, are constants. The
time rate of entropy addition, which may be due to combustion, is denoted by
Q. Roughly speaking, Q is proportional to the local heat addition. 1In
supersonic flows where shocks may be present, the entropy equation (5.l¢) is
valid only in the regions between the shocks. In other words, eq. (5.lc) is

not valid across shocks. In the present report, we do not discuss shock
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assoclated noise which is generally considered to be a statistically

independent addition to turbulent mixing noise in the synthesis of the overall
noise from jets.

Equations (5.1) represent the usual forms of mass continuity, momentum
and energy conservation and thermodynamic state with the exception that in the
continuity equation, the convective derivative of the density has been
eliminated in favor of Dp/Dt by the use of Eq. (5.1c) and the equation of
state, Eq. (5.1d). Since the above equations do not contain volume source
terms, we do not include explicitly the effects of mass and momentum additions
in our analysis. However, combustion noise, characterized by energy addition,
is included in the present derivation.

(5.2) (5.7)

Following Lilley and Goldstein » we expand each of our
dependent variables, p, p, S, cz. q, and Q in a small parameter, say ¢,

which characterizes the magnitude of the unsteady disturbances that are
superimposed on the mean flow of the jet. The typical form of this expansion

is

P=p, +cpy + czpz + e (5.2a)
2 2 2 2 2
Co = Co tecy +e c, + 5.2b)
2
Q=Q+ ch +¢c Q2 + ... (5.2¢)

After substituting this expansion into Eqs. (5.1), and collecting like
powers of ¢, we obtain equations for the mean flow (denoted by subscript 0)

and the first and second order perturbations (denoted by subscripts 1 and 2).

In the parallel shear flow approximation, we assume that the
undisturbed pressure, Por is a constant throughout the jet and the ambient,
the undisturbed velocity has a single component along the axis of the jet
(which is chosen to be the z-axis), say* 9% = u3wo. and P’ so.

L and v, are functions of the cross plane variables x and y only. The
first order perturbations pl. q1 and 81 satisfy

*;
"c denotes the unit vector in the Z direction.
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where DO/Dt = 3/ot + Vo 3/ 3z is the convective derivative based
on the mean velocity. The second order perturbations Py gz_and 82

satisfy the following equations:
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(5.3a)

(5.3b)

(5.3c)

(5.4a)
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The first order perturbations satisfy homogeneous equations (5.3) in the
absence of heat addition. Since the left hand side of (5.3) is equivalent to
the inviscid Orr-Sommerfeld operator (this will become clearer later in this
section), the first order perturbations represent the entire family of
permissible instability waves. These instability waves and the energy terms
Ql and Q2 form the inhomogeneous terms for the